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As proteínas do soro do leite (PSL) têm mostrado características de alimento 
funcional e suas propriedades podem ser ampliadas durante a digestão. Um dos efeitos 
do consumo da PSL hidrolisada (PSLH) é a indução da produção das heat shock 
proteins (HSPs), que são proteínas endógenas integrantes de um sistema protetor que 
promove a resistência e tolerância celular diante de condições adversas ao organismo. 
Evidências apontam que a indução das HSPs promove a citoproteção de fibras 
musculares, sobrevida celular, preservação da função muscular, reparação do dano 
muscular e prevenção da injúria térmica e oxidativa. Em estudo de nossa autoria, 
mostramos que a PSLH é capaz de aumentar a expressão a HSP70, hipotetizando-se que 
peptídeos bioativos presentes na PSLH atuem como sinalizadores metabólicos e 
expliquem várias das funções positivas atribuídas ao hidrolisado. Ainda, é sabido que a 
suplementação com glutamina estimula a expressão do sistema HSP, inclusive durante o 
exercício, porém pouco se sabe sobre a possibilidade de que outros aminoácidos possam 
exercer efeitos similares ao da glutamina. O objetivo do presente estudo foi investigar o 
efeito das proteínas, alguns peptídeos e aminoácidos, presentes nas PSL, nas HSPs 
(HSP25, HSP60, HSP70, HSP90) e parâmetros metabólicos relacionados, em ratos 
submetidos ao exercício como fonte de alteração da homeostase. O estudo foi dividido 
em três experimentos: o primeiro, usando a PSLH como fonte proteica da dieta, o 
segundo, com cinco peptídeos bioativos (Isoleucil-leucina (lle-Leu), Leucil-isoleucina 
(Leu-lle), Valil-leucina (Val-Leu), Leucil-valina (Leu-Val)) e, o terceiro, com os 
aminoácidos (L-Leucina, L-isoleucina, L-valina, L-arginina, L-glutamina). Todos os 
animais foram submetidos ao exercício agudo em esteira rolante com a intenção de 
induzir o estresse e a alteração na homeostase, exceto os grupos controle, que 
permaneceram em repouso. Os resultados mostraram que o consumo da PSLH 
aumentou a expressão da HSP90 em sedentários e exercitados; entretanto nenhuma 
alteração foi provocada pelo exercício ou pela dieta na HSP60 ou HSP25. O peptídeo 
Leu-Val aumentou a expressão das HSP90, HSP70 e HSP25 no músculo, enquanto que 
o lle-Leu elevou a HSP70 muscular e sérica, e HSP60 no músculo. A suplementação 
com arginina induziu a HSP70 e HSP90 na mesma intensidade que a glutamina. Todos 
os aminoácidos elevaram a HSP60, em associação com o exercício, exceto a valina. 
Nenhum dos aminoácidos afetou a expressão da HSP25. Com base nos dados conclui-se 
que, enquanto a PSLH estimula as HSPs e vários fatores relacionados à preservação 
celular em músculo de ratos, os dipeptídeos Leu-Val e lle-Leu se destacaram por 
estimular a expressão de HSPs e diversos outros parâmetros, e que a arginina pode ter 
função protetora, semelhante à da glutamina. Sugere-se ainda que os peptídeos e 
aminoácidos selecionados estejam envolvidos ou sejam os responsáveis pelas várias 
funções positivas atribuídas ao consumo da proteína do soro do leite hidrolisada e, 




The whey proteins (WPC) are known to have functional food characteristics, 
which may be magnified during digestion. One of the advantages hydrolyzed WPC 
(WPH) is to induce the production of heat shock proteins (HSPs), known to be 
endogenous proteins, members of a cell-shielding system that promotes cell resistance 
to adverse conditions to the body. Evidence suggests that the induction of HSPs 
promotes cytoprotection of muscle fibers, cell survival, preservation of muscle function, 
muscle damage repair and prevention of thermal and oxidative injury. In a study of our 
own we proved that PSLH is able to increase the expression of HSP70, hypothesizing 
that bioactive peptides present in PSLH act as metabolic flags thus explaining many of 
the positive functions assigned to the hydrolyzate. In addition, it is known that 
glutamine supplementation stimulates the expression of the HSP system, including 
during exercise, but the possibility that other amino acids could exert similar effects to 
those of glutamine has not been explored. The aim of this study was, therefore, to 
investigate the effect that the protein, some strategic peptides and amino acids, present 
in the whey hydrolyzate could have on the HSPs (HSP25, HAP60, HSP70, HSP90) and 
related parameters in rats that were exercised to offset homeostasis. The study was 
divided in three experiments: in the first, the PSLH was the dietary protein source, the 
second was a supplementation study with five bioactive peptides (isoleucyl-leucine (Ile-
Leu) Leucyl-isoleucine (Leu-Ile), valyl-leucine (Val-Leu) Leucyl-valine (Leu-Val)), 
and the third with free amino acids: L-Leucine, L-isoleucine, L-valine, L-arginine and 
L-glutamine. All animals were submitted to acute exercise on a treadmill with the 
intention of inducing stress and offset homeostasis, except the control group, which 
remained at rest. The results showed that consumption of WPH increased the expression 
of HSP90 in both sedentary and exercised animals. However, no changes were caused 
by exercise or diet in the HSP60 or HSP25. Leu-Val increased HSP90, HSP70 and 
HSP25 expression in muscle, while Ile-Leu increased muscle and serum HSP70 and 
HSP60 in muscle. Supplementation with arginine induced HSP70 and HSP90 at the 
same intensity as glutamine. All amino acids increased HSP60 associated with the 
exercise, except for valine, but none affected the expression of HSP25. Based on the 
above data we conclude that while WPH stimulates HSPs and stimulates various factors 
related to cell preservation in rat muscle, dipeptides Leu-Val and Ile-Leu stood out for 
stimulating the expression of HSPs and various other parameters, and that arginine may 
have a protective function, similar to that of glutamine. The data also suggest that the 
selected peptides and amino acids are responsible for several positive functions 
attributed to the consumption of hydrolyzed whey protein and especially as an 
alternative to raise HSPs and mitigate cellular injuries. 
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1. Introdução Geral 
 
A nutrição busca identificar nos alimentos substâncias que promovam a boa saúde 
e, para tanto, a ciência se aprofunda no estudo dos produtos intermediários que resultam da 
transformação dos ingredientes da dieta, desde o momento em que são ingeridos, até o 
momento em que são aproveitados pela microbiota intestinal para produzir os metaefeitos que 
redundam no benefício simbiótico. Depois do reconhecimento do valor extraordinário dos 
alimentos funcionais e das substâncias bioativas, agora pesquisadores querem conhecer as 
múltiplas funções que cada fragmento de molécula poderia desempenhar para auxiliar a boa 
saúde.  
Diariamente, o corpo está exposto a diversas formas de injúrias que podem 
ocasionar alterações na homeostase. Sabe-se que o organismo possui ferramentas para 
autodefesa, a fim de garantir a sua sobrevivência e integridade. Entretanto, descobrir e 
demonstrar efeitos escondidos nos alimentos que favoreçam e estimulem mecanismos de 
defesa presentes no organismo é assunto de grande relevância para a comunidade científica.  
Nosso grupo de pesquisa demonstrou que o consumo da proteína do soro do leite 
hidrolisada (PSLH) como fonte proteica na dieta aumentou a expressão da proteína endógena 
HSP70 em diversos tecidos de ratos (De Moura et al., 2013). As heat shock proteins (HSPs), 
na tradução literal: “proteínas de choque térmico” ou “proteínas do estresse”, representam um 
sistema protetor endógeno capaz de promover a resistência e tolerância celular, quando em 
condições desfavoráveis ao organismo (Santoro, 2000). Com base nesses resultados, surgiu a 
hipótese de que o consumo da PSLH também poderia induzir o aumento na expressão das 
outras HSPs como: HSP90, HSP60 e HSP25.  
Ainda, sugerimos no mesmo estudo mencionado anteriormente, que a capacidade 




aminoácidos de cadeia ramificada (De Moura et al., 2013). Dessa maneira, hipotetizou-se que 
os aminoácidos de cadeia ramificada, isolados, ou na forma de peptídeos, poderiam exercer 
influência na expressão das diferentes HSPs. Ainda, o horizonte do tema dessa pesquisa se 
expandiu ao aminoácido glutamina porque a literatura já descreveu a clara influência desse 
aminoácido em proporcionar o aumento das HSPs, entretanto pouco se sabe sobre o potencial 
efeito de outros aminoácidos nas HSPs.      
O eventual potencial da proteína do soro do leite, dos seus peptídeos bioativos e 
aminoácidos em estimular a expressão das HSPs, podendo prevenir danos celulares 
irreversíveis ocasionados pelo estresse, nesse caso causado pelo exercício, ressalta a 
importância de se desenvolver e aprofundar os estudos, como o ora apresentado. Ao que 
parece, a ciência da nutrição deverá evoluir ainda mais, incorporando novos achados que 
ampliam o conceito de “nutriente”, como o aqui ilustrado com o efeito de proteínas e 
peptídeos dietéticos nas HSPs. Além disso, ainda não foram encontradas na literatura outras 
pesquisas que investiguem efeito de proteínas dietéticas nas HSPs, bem como a influência de 
peptídeos. 
Portanto, o objetivo do presente estudo foi investigar os efeitos do consumo da 
PSLH, peptídeos e aminoácidos nela contidos, na expressão das diferentes HSPs e parâmetros 
metabólicos associados. Para alcançar os objetivos, a pesquisa dividiu-se em três 
experimentos, sendo o primeiro com a PSLH, o segundo com os peptídeos derivados da 
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1. Heat Shock Protein (HSP) 
 
As heat shock proteins (HSPs) são proteínas sintetizadas pelo organismo que 
foram inicialmente descobertas e identificadas por Feruccio Ritossa (1962), depois de 
observar que cromossomos de Drosophila melanogaster que tinham sido submetidas a 
choque térmico subletal (água a 38ºC), se apresentavam entumecidos. O entumecimento era 
devido ao desenrolamento do genes que codificam e expressam essa classe de proteínas 
(Ritossa, 1962). As HSPs pertencem a uma família altamente conservada, presente em todas 
as células do organismo, na qual a sua expressão é induzida em resposta a uma vasta 
variedade de situações de estresse fisiológico, patológico e ambiental (Parcellier et al., 2003).  
As condições de estresse podem exacerbar problemas na conformação de 
proteínas, perdendo a sua estrutura original e consequentemente sua função, podendo gerar 
agregados proteicos e apoptose celular. As HSPs estão envolvidas no correto enovelamento e 
renovelamento de muitas proteínas que por algum motivo não foi realizada de maneira 
eficiente e correta, ou que perderam a sua estrutura. Mantêm os polipeptídeos em 
conformação adequada para operações de translocação através das membranas, modula 
interações proteína-proteína. Estão envolvidas no transporte intracelular de proteínas no 
citosol, retículo endoplasmático e mitocôndria, além de prevenir a agregação oriunda de 
interações intra e intermoleculares, razão pela qual são conhecidas como “molecular 
chaperones”. São capazes de reparar proteínas danificadas, ou auxiliar em sua degradação 
controlada caso o dano seja irreversível. Portanto, as HSPs são um sistema natural de defesa 
endógena que é capaz de proteger e/ou reparar danos causados, na qual confere à célula maior 
tolerância e resistência contra uma variedade de agentes agressores, mantendo a integridade e 
estrutura celular e promover a sobrevivência das células durante períodos de estresse (Dubey 




Benjamin & McMillan, 1998; Kiang, 1998). As HSPs guiam as proteínas desde a sua 
produção até a sua degradação sem estar envolvida na sua função biológica (Kampinga & 
Bergink, 2016). Ainda, essas proteínas apresentam forte efeito citoprotetor, favorecimento da 
homeostase proteica e restauração do equilíbrio (Lanneau et al., 2008) sendo essencial para a 
viabilidade celular (Kampinga & Bergink, 2016).    
As HSPs reconhecem alterações conformacionais para estabilizar proteínas não 
enoveladas ou danificadas. Após o reconhecimento, se ligam a superfícies hidrofóbicas 
expostas de proteínas danificadas em interação não-covalente, de maneira a inibir agregações 
irreversíveis durante o estresse (Sarkar et al., 2011).      
Similarmente às funções chaperone das HSPs, essas proteínas também possuem 
funções como house-keepers que incluem: enovelamento de proteínas citosólicas, retículo- 
endoplasmáticas e mitocondriais, degradação de proteínas instáveis, dissolução de complexos 
proteicos, prevenção da agregação proteica, renovelamento de proteínas danificadas, não-
estruturadas. A acumulação de proteínas danificadas no núcleo ou citosol, que ocorre como 
consequência de situações estressoras, como o aumento de temperatura, estresse oxidativo, 
pode ocasionar a formação de agregados proteicos que deturbam a adequada função celular, 
tornando essas células alvo de morte celular. As HSPs previnem e remediam essas alterações 
e consequentemente contribuem para a sobrevivência celular (Parcellier et al., 2003).      
Em organismos eucariontes, a expressão das proteínas do estresse é mediada por 
fatores de transcrição denominados heat shock factors (HSF, em tradução literal: fatores de 
choque térmico), que requerem ativação prévia e translocação para o núcleo. Existem 
basicamente 4 variações de HSF: HSF1 e HSF2, isolados de humanos e ratos, o HSF3 isolado 
de aves, e um fator adicional, o HSF4, encontrado preferencialmente em células humanas 




O HSF1 é o principal regulador no processo de transcrição das HSPs, pois é 
rapidamente ativado e está presente na maioria dos eucariotos e em diversos tecidos e tipos de 
estresse, sendo considerado o fator estresse-responsivo mais eficaz. Ademais, o silenciamento 
desse fator (HSF1) resultou na ausência de transcrição dos genes das HSPs, demonstrando em 
mamíferos, que a função e capacidade do HSF1 não pode ser compensada pelos outros fatores 
(Anckar & Sistonen, 2011).  
Na ausência de estresse celular, o monômero HSF1 se encontra inibido através de 
sua complexação com as HSPs, formando um complexo inativo. Na incidência de estresse 
celular, ocorre a liberação do monômero inerte HSF1, que agora assume um estado trimérico 
ativo que alcança o núcleo, onde será fosforilado em determinados resíduos de serina para que 
reconheça e se ligue ao promotor do gene HSP, denominado de heat shock element (HSE), 
iniciando assim o processo de transcrição dos genes que expressam essa classe de proteínas 
(Dubey et al., 2015; Amorim et al., 2015; Csermely & Yahara, 2002; Santoro, 2000; Shi; 
Mosser; Morimoto, 1998; Peteranderl & Nelson, 1992). Ao findar a injúria, os HSFs até então 
ativados, ou seja, em estado trimérico, precisam ser convertidos ao estado monomérico 
inativo. Para que esse processo ocorra é necessário uma proteína adicional denominada heat 
shock factor binding protein 1 (HSBP1), cuja finalidade é interagir com o trímero HSF1, 
facilitando a sua conversão à forma monomérica. Assim, o monômero HSF1 se complexa 
novamente com as HSPs, cessando o processo de transcrição (Morimoto, 1998).   
Essa classe de proteínas pode ser agrupada em famílias que são compostas por 
diferentes isoformas que diferem em relação ao seu peso molecular, como são assim 
classificadas, e que podem ainda ser constitutivas e induzíveis (Ho & Westwood, 2002; 
Santoro, 2000). As proteínas do estresse de alto peso molecular (principais famílias HSP90, 




completamente independente, bem como cooperativamente, com a finalidade de fornecer uma 
resposta a determinada injúria de maneira eficaz (Noble, 2002).  
As HSPs de isoforma constitutiva ou cognata (HSC) estão presentes sob 
condições orgânicas normais e geralmente não apresentam variação em sua atividade durante 
situações de estresse. Já as famílias que possuem uma isoforma induzível (HSP) estão 
frequentemente presentes e elevadas em situações em que o organismo encontra-se em 
desequilíbrio, sendo as principais famílias a HSP90 e HSP70, podendo variar a sua atividade 
de acordo com a intensidade e gravidade do estresse (Ho & Westwood, 2002).   
Nosso organismo é constantemente desafiado pela exposição a condições 
extremas que podem causar um estresse agudo ou crônico. A indução das HSPs é feita em 
reposta a mudanças fisiológicas, incluindo, estresse ambiental, condições não-estressoras, e 
estado de doença e pato-fisiologias. Dentre as condições de stress ambiental, encontramos a 
alteração de temperatura, exposição a radicais livres, metais e alteração do metabolismo 
energético. Em condições não-estressoras temos ciclo celular (turnover), fatores de 
crescimento, desenvolvimento e diferenciação de células e tecidos. Para um estado de doença 
incluímos a febre, inflamação, alterações hormonais, injúria oxidante, isquemia, infecções 
bacterianas e virais, injúria neuronal e até envelhecimento além de dano e reparação tecidual 
(Morimoto, 1998). Portanto, as HSPs de isoforma induzível são induzidas por uma grande 
variedade de agentes agressores incluindo o aumento da temperatura, estresse oxidativo, 
isquemia, estresse osmótico, exposição a metais pesados, hipóxia, privação de glicose e 
nutrientes, processos oncológicos, febre, processo inflamatório, infecções virais ou 
bacterianas, transplantes e exercício (Dubey et al., 2015; Åkerfelt; Morimoto; Sistonen, 2010; 
Jang, 2008; Belter; Carey; Junior, 2004; Maglara et al., 2003;  Morimoto, 1998). 
A ativação das HSPs provê às células um mecanismo capaz de restabelecer a 




situações de alteração na homeostase (Shi; Mosser; Morimoto, 1998). Além disso, um 
aumento no conteúdo de HSPs pode prover citoproteção contra subsequentes condições 
estressoras (Maglara et al., 2003).       
Estudos revelam que essas proteínas constituam aproximadamente de 1-2% das 
proteínas de células não estressadas e entre 4-6% de proteínas em células sob situação de 
estresse (Kim & Kim, 2011). Dubey et al. (2015) relataram que as HSPs representam cerca de 
5 a 10% do total de proteínas na célula mesmo em condições não-estressoras. Quando as 
células são expostas ao estresse (ambientais, patológicos e fisiológicos), essas proteínas são 
marcadamente induzidas e o seu conteúdo pode aumentar em aproximadamente 15%.    
Especificamente em músculo esquelético, as HSPs estão envolvidas na prevenção 
da degradação e agregação proteica, na remoção e/ou estabilização de proteínas musculares 
danificadas e na manutenção da integridade das fibras musculares (Brinkmeier & Ohlendieck, 
2014). Não obstante, a expressão das HSPs pode ser específica e variar de acordo com o tipo e 
predominância da fibra muscular.  
A presença de HSPs no cérebro já foi descrita na literatura apresentando potencial 
protetor aos neurônios e em doenças neurodegenerativas, incluindo esclerose lateral 
amiotrófica, Alzheimer e Parkinson, ganhando cada vez mais atenção para o desenvolvimento 
















A HSP70 representa umas das famílias mais importantes e extensivamente 
estudadas, pois se faz rapidamente presente e em alta atividade no aparecimento de agentes 
agressores que promovam um ambiente de estresse (Gabai & Sherman, 2002; Santoro, 2000). 
Trata-se de uma das famílias mais conservadas ao longo da evolução, pois se faz presente 
desde a mais primitiva bactéria até o mais sofisticado organismo, sendo geralmente a primeira 
a ser induzida em condições de estresse (Gupta et al., 2010; Rohde et al., 2005), bem como é 
considerada a mais estresse-responsiva de todas as HSPs (Amorim et al., 2015; Naughton; 
Lovell; Madden, 2006). 
A HSP70, também referida como HSP72, apresenta isoformas induzíveis e 
constitutivas, e se encontra localizada principalmente no citosol. Enquanto sua isoforma 
constitutiva HSC70 pode ser também localizada na mitocôndria e no retículo endoplasmático 
(Lanneau et al., 2008).     
Essa HSP está presente nos tecidos sob condição ou não de alteração da 
homeostase (estresse), e a qual pode ser fortemente induzida por diferentes estresses 
patológicos, fisiológicos e ambientais (Qu et al., 2015; Kiang, 2004). Ainda, o grau da sua 
indução pode depender da intensidade, duração e tipo de estresse a que o organismo foi 
exposto (Kiang, 2004). Pode ser encontrada no compartimento intracelular, membrana 
plasmática e no espaço extracelular (Khalil et al., 2011; Rohde et al., 2005).  
O aumento na expressão da HSP70 está associado com a proteção e redução de 
danos teciduais, rápida recuperação do músculo estriado esquelético após o exercício, 
promoção da longevidade, redução da mortalidade e dano celular causado por isquemia, 
conferindo à célula maior tolerância e resistência quando submetidas e expostas a diferentes 




Wischmeyer et al., 2001; Kiang; Tsokos, 1998). Apresenta também capacidade na proteção de 
células contra o ataque oxidativo das espécies reativas de oxigênio (EROs), sugerindo a 
habilidade antioxidante da HSP70 (Atalay et al., 2004; Zoppi, 2004; Csermely & Yahara, 
2002; Gabai & Sherman, 2002; Smolka et al., 2000). Além disso, foi considerada como um 
sistema antioxidante complementar (Antunes,  et al., 2008; Zoppi, 2004; Smolka et al., 2000).  
Estudo realizado por McArdle e colaboradores (2004), investigou o efeito da alta 
expressão (overexpression) da HSP70 em camundongos, e verificou que o aumento na HSP70 
além de proteger o músculo esquelético contra dano muscular induzido por um exercício 
severo e danoso, baseado em protocolo de contrações, facilitou a rápida recuperação do 
músculo após o dano e ainda preservou a fibra muscular. O mesmo estudo também 
demonstrou que mesmo em animais idosos a alta expressão da HSP70 favoreceu o processo 
de recuperação após dano muscular, além de proteger contra a redução da capacidade de gerar 
força adquirida com o avanço da idade. Outra pesquisa realizada por Paepe e colaboradores 
(2012), mostrou que a expressão da HSP70 está fortemente associada com o processo de 
regeneração da fibra muscular. Essa capacidade de proteção conferida pelo aumento na 
expressão da HSP70 no músculo esquelético, também é descrita por outros autores. Entretanto 
o mecanismo de proteção ainda não está esclarecido (Maglara et al., 2003).      
O processo de envelhecimento parece ser um fator importante no declínio da 
capacidade de indução da HSP70 e consequente redução na termotolerância e aumento na 
mortalidade frente a insulto térmico. Apenas 60% de ratos em idade avançada sobreviveram 
ao estresse térmico, provavelmente associado a redução da HSP70 verificada nos idosos, 
enquanto todos os ratos jovens sobreviveram a mesma injúria (Hall et al., 2000). O aumento 
da HSP70 em outros tecidos também já foi relatada, incluindo um efeito protetor em pulmão 
contra processos inflamatórios agudos (Kopczyńska et al., 2011), bem como evidências de 




neuroprotetoras. A indução da HSP em cérebro já foi associado com a resistência e 
sobrevivência seguido de isquemia (Stetler et al., 2010; Sharp et al., 1999), podendo favorecer 
a taxa de sobrevivência de células neurais em mais de 30% (Yenari et al., 1999).  
Os efeitos protetores da HSP70 são diversos, sendo a maioria deles amplamente 
conhecidos, embora os seus mecanismos não tenham sido ainda detalhados. Musch et al. 2004 
sugerem um mecanismo para explicar os efeitos protetores da HSP70, que ocorre por meio de 
sua  interação com a diidrofolato redutase (DHFR). DHFR é uma enzima citosólica essencial, 
responsável por catalisar a formação do cofator tetrahydrofolate, o qual é primordial em 
várias reações fundamentais, como a da biossíntese de nucleotídeos e aminoácidos. Sob 
condições de injúria, a HSP70 se liga à DHFR bloqueando o acesso de oxidantes e, portanto, 
prevenindo a oxidação do grupamento tiol da DHFR. O complexo HSP70-DHFR favorece a 
manutenção das funções da DHFR (Musch; Kapil; Chan, 2004)e especula-se que o efeito 
demonstrado nesse estudo ofereça uma importante percepção de um mecanismo de ação da 
HSP70 fortemente relacionado com o seu efeito na proteção de proteínas celulares diante de 



















A HSP90 é uma família de chaperones altamente conservada (Makhnevych; 
Houry, 2012; Picard, 2002) presente na maioria das células, ATP-dependente (Terasawa; 
Minami; Minami, 2005; Meyer et al., 2003; Buchner & Richter, 2001), sendo essencial para a 
viabilidade das células eucarióticas (Makhnevych; Houry, 2012; Pearl; Prodromou, 2006; 
Garrido et al., 2001). Enquanto a ausência de seu homólogo HtpG em organismos 
procariontes não é letal (Sarkar et al., 2011).  
Essa família é abundantemente expressa, presente na maioria dos tecidos (Li et al., 
2009), representando cerca de 1-2% das proteínas celulares mesmo na ausência de estresse 
(Sarkar et al., 2011; Grad et al., 2010; Dezwaan; Freeman, 2008; Parcellier et al., 2003; 
Garrido et al., 2001; Csermely et al., 1998). Entretanto, sua concentração pode aumentar ainda 
mais em resposta a diversas formas de estresse (Zuehlke; Johnson, 2010; Lanneau et al., 2008; 
Lee et al., 2005; Whitesell; Lindquist, 2005; Parcellier et al., 2003; Garrido et al., 2001; 
Buchner, 1999; Mayer; Bukau, 1999). Na maioria dos eucariontes a expressão celular da 
HSP90 pode dobrar em resposta a ambientes estressores (Taipale; Jarosz; Lindquist, 2010).    
A HSP90 possui duas isoformas citoplasmáticas a HSP90α e HSP90β (Li; Soroka; 
Buchner, 2012; Hahn, 2009) que são 76% idênticas geneticamente e não diferem muito entre 
as espécies. A isoforma HSP90β é predominante e constitutivamente expressa, porém menos 
induzível do que a isoforma α, o qual pode surgir com outras nomenclaturas como: HSC90, 
HSP86 (Csermely et al., 1998) ou Hsp90AB1 (Silva; Ramos, 2012). Já a isoforma HSP90α é 
altamente induzível e responsiva ao estresse, podendo também ser denominada como HSP90, 
HSP84 (Csermely et al., 1998) ou Hsp90AA1 (Silva; Ramos, 2012). Em mamíferos, ainda há 
também isoformas da HSP90 em outras localizações celulares, como na mitocôndria que é 




Makhnevych; Houry, 2012; Whitesell; Lindquist, 2005) e a HSP90N, associada a membrana 
(Holzbeierlein et al., 2010).      
A HSP90 é composta por diferentes domínios, um N-terminal principal sítio de 
ligação da ATP, um domínio central que é responsável por regular a hidrólise da ATP e um 
C-terminal que também pode regular a atividade ATPase, além de estar envolvida no 
recrutamento de co-chaperones (Holzbeierlein et al., 2010).         
A co-chaperone Aha1 é uma proteína conhecida por acelerar e facilitar as 
transições conformacionais e aumentar a atividade ATPase da HSP90, essa co-chaperone 
estabiliza a conformação e estimula a hidrólise eficiente de ATP da HSP90 (Mollapour; 
Neckers, 2012; Taipale; Jarosz; Lindquist, 2010). Ainda, a Aha1 facilita a interação entre 
ATP e o domínio N-terminal da HSP90, essa relação é importante uma vez que a ligação 
ATP-HSP90 é essencial para sua função chaperone, afinal a HSP90 é ATP-dependente 
(Lanneau et al., 2008; Terasawa; Minami; Minami, 2005). A Aha1 pode ser também regulada 
pelo estresse e sua expressão é regulada em conjunto com a HSP90, sugere-se o envolvimento 
geral da Aha1 em processos de enovelamento mediados pela HSP90 (Paneratou et al., 2002).     
A HSP90 se liga a vários complexos proteicos, função importante para manter a 
conformação e/ou estabilidade, incluindo vários receptores nucleares hormonais, o qual 
favorece a capacidade de ligação entre receptor e hormônio com alta afinidade (Picard, 2002; 
Csermely et al., 1998). A HSP90 está ainda, envolvida no enovelamento e 
regulação/estabilização da conformação de diversos fatores de transcrição e proteínas quinase, 
convertendo para um estado conformacional que permite as devidas interações com os seus 
específicos ligantes. Além disso, pode mediar o enovelamento de proteínas desnaturadas 
devido a situações de estresse (Terasawa; Minami; Minami, 2005; Panaretou et al., 2002; 




Uma das funções fundamentais da HSP90 está associada com a prevenção da 
agregação proteica (Terasawa; Minami; Minami, 2005; Picard, 2002; Csermely et al., 1998), 
contribuição no processo de enovelamento, manutenção da integridade de proteínas celulares 
(Picard, 2002), favorecimento da homeostase proteica na presença e ausência de estresse 
(Buchner, 1999), efeito citoprotetor (Wu et al., 2012), mediação de diversos processos 
celulares relevantes, incluindo a sobrevivência celular (Li; Soroka; Buchner, 2012), além de 
ser considerada um componente chave no sistema imune (Bae et al., 2007). 
Ainda, a HSP90 está envolvida na estabilização e ativação de pelo menos 200 
proteínas sinalizadoras (www.picard.ch/downloads/Hsp90inter- actors.pdf), sendo a maioria 
destas proteínas importantes na regulação de várias vias de sinalização (Mollapour; Neckers, 
2012). Esse grande número de proteínas são conhecidas como client proteins, que dependem 
da função da HSP90 para adquirir e/ou alcançar suas conformações ativas (Taipale; Jarosz; 
Lindquist, 2010). Além disso, a HSP90 possui forte função com relação aos receptores 
hormonais (glicocorticoides, estrogênio e progesterona) pois os receptores precisam estar 
associados (reversivelmente) com a HSP90 de maneira ATP-dependente, pois somente os 
receptores que estão ligados a HSP90 são reconhecidos pelo seu hormônio 
ligante/correspondente (Sarkar et al., 2011).       
Altos níveis de HSP90 estão associados com o aumento da resistência celular 
(Csermely et al., 1998), enquanto que níveis reduzidos favorecem a hipersensibilidade ao 
estresse (Picard, 2002). Em situações de estresse a HSP90 auxilia na preservação da 
integridade estrutural do núcleo e citosol, tornando-se vital para vida diária da célula 
(Csermely et al., 1998), além de torná-las mais estresse tolerantes (Taipale; Jarosz; Lindquist, 
2010). Estudos tem relacionado a prévia indução das HSPs, como por exemplo, a HSP90, 




grande importância o desenvolvimento de novas estratégias para a elevação da expressão da 
HSP de maneira segura e eficiente (Latchman, 2004).    
O silenciamento do gene que codifica a HSP90α gerou esterilidade em 
camundongos, devido a completa perda na capacidade de produzir espermatozóides, enquanto 
que o desenvolvimento do sistema reprodutor aparentemente estava normal. Especula-se 
portanto, que a presença da HSP90α pode ser requerida inclusive para fertilidade (Grad et al., 
2010).    
A elevação da HSP90 protegeu células contra o acúmulo induzido de espécies 
reativas de oxigênio reduzindo a citotoxicidade, enquanto que seu efeito protetor foi abolido 
quando células foram tratadas com inibidores para HSP90 (Lee et al., 2005).   
Estudos demonstram que a HSP90 pode ser estimulada após a prática de exercício 
em tecidos e células de animais, sendo o exercício um estímulo suficiente para a indução das 
proteínas do estresse (Locke; Noble; Atkinson, 1990). Já o treinamento físico prolongado 
pode promover uma adaptação na concentração de HSP70 e HSP90 não resultando no seu 
aumento após execução do exercício. Inclusive os níveis basais da HSP70 de indivíduos 
moderadamente treinados são menores do que em sujeitos sedentários. Já em relação a 
HSP90, a mesma não mostrou diferença entre os níveis basais de sedentários e treinados, pois 
é abundantemente expressa (Shastry; Toft; Joyner, 2002). Ainda, o aumento na expressão da 
HSP90 promoveu proteção no músculo esquelético de animais exercitados em esteira rolante 









1.3 HSP 60 
 
A HSP60 está primariamente localizada dentro da matriz mitocondrial, embora 
também possa ser encontrada, por volta de 15-20% no citosol (Parcellier et al., 2003). Esta é 
constitutivamente expressa, podendo ter uma ligeira elevação em sua expressão após certos 
tipos de estresse, especialmente o térmico (Lanneau et al., 2008). Essa chaperone também 
está envolvida no enovelamento e estabilização de proteínas mitocondriais (Folkesson et al., 
2013; Parcellier et al., 2003) e facilita a degradação proteolítica de proteínas desnaturadas de 
maneira ATP-dependente (Lanneau et al., 2008; Parcellier et al., 2003). Além disso, é capaz 
capturar as proteínas danificadas, por meio da sua ligação com as regiões hidrofóbicas ou 
encapsular as mesmas (Saibil, 2008), bem como é conhecida por enovelar e estabilizar 
proteínas, especialmente actina e tubulina em células eucarióticas (Sarkar et al., 2011).  
A HSP60 age nos estágios iniciais do enovelamento das proteínas e apresenta um 
sistema altamente coordenado e especializado (Saibil, 2013). O seu aumento foi capaz de 
proteger o músculo esquelético contra danos causados, entretanto o mecanismo de ação ainda 
não foi esclarecido (Maglara et al., 2003).      
Morton e colaboradores (2006) realizaram uma cinética de tempo para a resposta 
da HSP60 em músculo de humanos após o exercício em esteira rolante. Os autores 
observaram que não houve mudança na expressão da HSP60 24, 48, 72 horas ou 7 dias após a 
execução do exercício.    
A HSP60 também foi requerida, assim como a HSP70, para prevenir a inativação 
térmica da DHFR em circunstância de desnaturação, prevenindo sua agregação além de 
mediar o seu enovelamento de maneira ATP-dependente. Esse resultado sugere um 




Kapil; Chan, 2004; Martin; Horwich; Harti, 1992). Vale lembrar como descrito anteriormente, 



























1.4 HSP 25 
 
A HSP25 também é uma proteína do estresse, membro da família HSP20, 
requerida para a proteção da maquinaria proteica em ambientes estressores, a qual estimula e 
promove tolerância celular (Murashov; Talebian; Wolgemuth, 1998) e efeito citoprotetor 
(Fujisawa et al., 2013). Sua síntese não é somente induzida como resultado das perturbações 
ambientais, mas também expressa de forma constitutiva, sendo que baixos níveis de HSP25 
podem ser encontrados nos tecidos sem exposição ao estresse (Gernold et al., 1993).      
A HSP25 mostrou importante aumento frente a condições fisiológicas adversas, 
como a hipertermia e hipóxia, apresentando rápida indução após o estresse, mostrando 
capacidade estresse-responsiva (Murashov; Talebian; Wolgemuth, 1998). Ainda, a presença 
de HSP25 já foi descrita nos músculos esqueléticos: plantar, sóleo e gastrocnêmio de ratos 
(Nussbaum; Locke, 2007). O aumento na expressão da HSP25 protegeu o músculo 
esquelético de danos celulares e oxidação proteica além de provocar resistência frente a 
EROs, mantendo a homeostase muscular (Escobedo; Pucci; Koh, 2004). A indução da HSP25 
mostrou-se como um importante mediador  que confere citoproteção durante estresse 
oxidativo (Ropeleski et al., 2003), o qual o seu aumento promoveu proteção contra danos 
induzidos pela exposição ao peróxido de hidrogênio (Nussbaum; Locke, 2007). 
A administração de uma toxina prejudicial ao fígado estimulou o aumento da 
HSP70, HSP25 e HSP60 de maneira diferente. O aumento na HSP70 foi exponencial até 9 
horas após a injúria, enquanto que a HSP25 levou de 24 a 48 horas para elevar-se, já a HSP60 
não mostrou nenhuma alteração frente a esse tipo de injúria. Os resultados desse estudo 
indicam que a HSP70 juntamente com a HSP25 pode ter função citoprotetora para reparar 
danos em lesões hepáticas severas e que a HSP70 pode ser a primeira linha de defesa 




elevou a expressão da HSP25 logo nas 6 primeiras horas mantendo-se elevada até 24 horas 
após (Fujisawa et al., 2013). Sugere-se que a HSP25 pode ser dependente da expressão da 
HSP70 para prover seu máximo efeito citoprotetor (Sreedharan et al., 2011).   
A expressão da HSP25 já foi observada no sistema nervoso central de maneira 
constitutiva e sob indução, entretanto sua função local ainda não está elucidada (Murashov; 
Talebian; Wolgemuth, 1998). Foi realizado estudo para verificar um padrão de expressão das 
HSPs no córtex cerebral de ratos durante uma semana após indução de estresse ao cérebro. 
Observou-se que a HSP70 alcançou o seu aumento 1 dia após o estresse e subsequente 
redução, enquanto que a HSP25 exibiu uma expressão mais prolongada que permaneceu entre 
o terceiro até o sétimo dia (Lively; Brown, 2011).   
Evidências apontam que a HSP25 pode ser influenciada pelo exercício como parte 
da resposta ao estresse pelas células musculares. O exercício em esteira rolante foi capaz de 
elevar os níveis da HSP25 sendo o exercício considerado como uma fator estressante, 
principalmente relacionado ao aumento da temperatura corporal. Os animais quando 
submetidos ao exercício em esteira na mesma velocidade, porém em um ambiente com 
temperatura controlada e mantida a 4°C não mostram aumento na expressão da HSP25 (Akin 
et al., 2016).     
Huey e colaboradores (2013), testaram a hipótese de que a expressão da HSP25 é 
necessária para manter a função muscular adequada. Para isso, silenciaram o gene HSP25 de 
camundongos e verificaram que esses percorreram menores distâncias, tinham níveis 
reduzidos de proteínas contrateis, porém o silenciamento não afetou significativamente o teste 
de força.  
Em humanos, uma única sessão de exercício de força elevou a expressão da 
HSP25 em bíceps. O mesmo exercício foi repetido quatro semanas depois e a magnitude da 




músculo diante da repetição do mesmo protocolo (Thompson et al., 2002). Em contraste, 
Morton et al. (2006) reporta que o exercício em esteira rolante durante 45 minutos (1 sessão) 
não induziu a expressão da HSP25 em músculo esquelético de humanos.  
O músculo sóleo mostrou ser rapidamente responsivo ao exercício em esteira 
rolante em declive, o qual elevou a HSP25 duas horas após a execução do exercício, enquanto 
que esse efeito foi perdido após 48 horas (Touchberry et al., 2012). 
Murlasits et al., (2006) mostraram que a capacidade de indução da HSP25 após o 
exercício pode ser dependente da idade. O estresse provocado pela contração de alta 
intensidade elevou a expressão da HSP25 em animais jovens, similarmente os animais idosos 



















2. Proteína do soro do leite 
 
O soro de leite é a fase líquida remanescente após a coagulação seja enzimática ou 
ácida da caseína, processo que ocorre, por exemplo, durante a fabricação do queijo (Hulmi; 
Lockwood; Stout, 2010). Interessantemente, Hipócrates na antiga Grécia já havia dado 
notoriedade para as propriedades funcionais da proteína do soro do leite (Madureira et al., 
2007).  
As proteínas do soro do leite (PSL) representam aproximadamente 20% das 
proteínas presentes no leite bovino, a qual tem sido reconhecida pelo seu alto valor nutritivo, 
boa digestibilidade e absorção, além de provocar um rápido pico de aminoácidos no plasma 
(Pal, 2010; Hulmi; Lockwood; Stout, 2010). 
Os componentes do soro do leite incluem principalmente as proteínas β-
lactoglobulina, α-lactalbumina, albumina de soro bovino, lactoferrina, imunoglobulinas, 
lactose e minerais solúveis remanescentes (Marshall, 2004), o qual apresenta um percentual 
de aproximadamente, β-lactoglobulina 50-55%, α-lactalbumina 20-25%, glycomacropeptidio 
10-15%, imunoglobulinas 10-15%, albumina sérica 5-10%, lactoferrina 1%, lactoperoxidase 
1%, e outras proteínas minoritárias como a β-microglobulina e lisozima (Hulmi; Lockwood; 
Stout, 2010). 
Essa proteína é comercialmente caracterizada nas formas: concentrada, isolada e 
hidrolisada. A PSL na forma concentrada contêm aproximadamente 80% de proteína, 
enquanto a PSL isolada apresenta valor ≥90% de proteína. A forma hidrolisada possui por 
volta de 70-80% de proteína e pode produzir peptídeos durante o seu processamento. Apesar 
das variações nas formas isolada, concentrada e hidrolisada, tais diferenças não parecem 
afetar significativamente a taxa de esvaziamento gástrico ou absorção de aminoácidos. A PSL 




hidrólise não aumentaria a taxa de esvaziamento gástrico ou acelera o aumento na 
concentração de aminoácidos no sangue (Hulmi; Lockwood; Stout, 2010). 
O aparecimento da PSL no mercado popular se deu primariamente por meio do 
apelo aos praticantes de atividade física nas academias, o famoso whey, pelo qual ficou 
conhecida a propriedade de favorecer o anabolismo muscular. Estudos mostram que a 
ingestão da PSL se mostrou mais eficaz no aumento da massa magra em conjunto com 
exercício, do que o consumo de soluções baseadas em carboidratos, proteína da soja ou 
placebo (bebida sem valor energético). O efeito da PSL no aumento da síntese proteica 
muscular está atribuída ao vasto conteúdo de BCAAs, com relevância principalmente a 
leucina (Hulmi; Lockwood; Stout, 2010). 
O consumo da proteína do soro do leite na forma hidrolisada (PSLH) estimulou a 
síntese proteica em músculo esquelético, superando a caseína (proteína padrão ouro), em 
repouso e após exercício de resistência (Tang et al., 2009). Também apresentou potencial 
antioxidante, pois pode aumentar os níveis de glutationa intracelular. Essa atribuição pode ser 
decorrente da alta concentração de aminoácidos sulfurados e precursores da glutationa 
(Micke; Beeh; Buhl, 2002).  
A PSL demonstrou efeito similar ao da glutamina na melhora e recuperação da 
permeabilidade e morfologia intestinal em pacientes com doença de Crohn. Especulou-se que 
a PSL é uma boa fonte para todos os aminoácidos, e que pode apresentar melhor eficiência na 
absorção, comparado com soluções contendo somente aminoácidos livres (Benjamin et al., 
2012). Além disso, a ingestão da PSL mostrou resultados mais significativos do que o 
consumo de uma solução contendo os seus aminoácidos livres constituintes (Katsanos et al., 
2008). Ainda, o consumo da PSL intacta ou de seu hidrolisado pode prover resultado superior 
na hipertrofia muscular do que o uso de leucina livre ingerida após o exercício (Hulmi; 




A composição média dos aminoácidos indispensáveis presentes na proteína do soro do leite, 
caseína, leite humano, além da recomendação de consumo está apresentada na Tabela 1.  
 
Tabela 1. Composição média dos aminoácidos nas diferentes fontes proteicas 
  








Isoleucina 6.1 5.5 4.7 4.7 5.5 1.5 3 
Leucina 12.2 14.2 8.9 11.8 9.6 2.1 5.9 
Lisina 10.2 10.2 7.6 9.5 6.9 1.8 4.5 
Metionina 3.3 2.4 3.0 3.1 1.6 - 1.6 
Fenilalanina 3 3.8 5.1 3 4.2 2.1 3.8 
Treonina 6.8 5.5 4.4 4.6 4.4 1.1 2.3 
Triptofano 1.8 2.3 1.2 1.3 1.7 0.5 0.6 
Valina 5.9 5.9  5.9 4.7 5.5 1.5 3.9 
Concentração média dos aminoácidos indispensáveis (g/100g). PSL: proteína do soro do leite. 
PSLH proteína do soro do leite hidrolisada. (-) Em 1985 a recomendação para metionina era 
junto com a cisteína, não tendo valor exclusivo de metionina. 1 Fonte: HULMI; 
LOCKWOOD; STOUT, 2010. 2 Fonte: ETZEL, 2004. 3 FAO/WHO 2007. 
 
 
Os aminoácidos indispensáveis presentes no soro do leite, tanto do isolado como 
do hidrolisado proteico, supera as recomendações da FAO (Food and Agriculture 
Organization), podendo estas proteínas ser consideradas como de alto valor nutritivo.   
O consumo da PSL tem sido objeto de inúmeras investigações científicas a 
respeito de suas propriedades na saúde. Estudos realizados em nosso laboratório já 
demonstraram particularidades inerentes ao consumo das PSL. Nery-Diez e colaboradores 
(2010) mostraram que o consumo das PSL apresenta efeito antiestresse, representado pela 
diminuição da atividade da glutaminase intestinal. Foi observado também, que o consumo das 
PSL favorece a redução significativa das enzimas indicadoras de lesão muscular a lactato 




competição, contribuindo também para a preservação da massa muscular (Lollo et al., 2011). 
A utilização da PSL melhorou o estado nutricional de pacientes com esclerose amiotrófica 
lateral (Carvalho-Silva et al., 2010). Já em ratos exercitados que consumiram a PSL como 
única fonte proteica, apresentaram tempo superior de exaustão, aumento e preservação do 
glicogênio muscular (Tassi et al., 1998) e cardíaco (Faria et al., 2012), bem como promoveu a 
redução nos níveis de lactato (Abecia-Soria, 2003) e lipídios da composição corporal (Costa, 
2010).  
Estudo recentemente realizado também em nosso laboratório por De Moura e 
colaboradores (2013), demonstrou que o consumo da proteína do soro do leite na forma 
hidrolisada, utilizada como fonte proteica na dieta, foi capaz de aumentar a expressão da 
HSP70 nos diversos tecidos analisados, em ratos submetidos ao estresse térmico oriundo do 
exercício, enquanto que a PSL na forma concentrada e caseína não o fez. Ainda, foi 
observado provável envolvimento da enzima glutamina sintetase e a concentração abundante 
de aminoácidos de cadeia ramificada (BCAAs) presentes na proteína do soro do leite, no 
resultado de aumento da HSP70. Um resumo dos estudos com os objetivos e principais efeitos 













Tabela 2. Resumo dos estudos envolvendo proteína do soro do leite 
Sujeito/Animal Objetivo Resultados Autores 
Humanos 
Avaliar o efeito da 
PSLH na síntese 
proteica muscular 
O consumo da PSLH 
estimulou a síntese 
proteica superando a 
soja e a caseína  
Tang et al., 2009 
    
Humanos 
Comparar o efeito da 
glutamina e PSL na 
permeabilidade e 
morfologia intestinal 
em pacientes com 





Benjamin et al., 2012 
    
Ratos Wistar 
Determinar o efeito 
da PSL nas enzimas 
digestivas 
Não foi encontrado 
mudanças na 




por meio da redução 
da glutaminase 
intestinal 











Avaliar o efeito da 





Redução das enzimas 
indicadoras de lesão 
muscular CK e LDH 








Observar o efeito da 




e ampliou o tempo de 
exaustão   
Tassi et al., 1998 
    
Ratos Wistar 
Identificar os efeitos 
da PSL no sistema de 
defesa heat shock 
protein 
A PSLH induziu a 
expressão da HSP70 
no músculo e pulmão  
De Moura et al., 
2013 
 
Apesar do atual avanço no número de pesquisas envolvendo o consumo das 
proteínas do soro do leite em diversas áreas e afins, até o momento não foi encontrado 
nenhum outro estudo semelhante que trate da influência do consumo das PSL nas proteínas do 





3.  Peptídeos bioativos do leite  
A nutrição clássica traz o conceito de que as proteínas são importantes fontes de 
aminoácidos e nitrogênio para o crescimento e manutenção do organismo. Atualmente, sabe-
se que as proteínas também são fontes de peptídeos que podem ser biologicamente ativos com 
funções e habilidades específicas, que poderíamos considerar como “secundárias”, ou seja, 
não somente voltadas para a finalidade de sintetizar novas proteínas ou produzir fragmentos 
de aminoácidos para o metabolismo intermediário (Bhat et al., 2015; Sharma, 2011; Kitts & 
Weiler, 2003).  
A primeira descrição na literatura sobre peptídeo bioativo data de 1950 por 
Mellander. O termo peptídeo bioativo tem sido definido de diversas maneiras como: um 
fragmento proteico com sequência específica que possui impacto positivo com funções no 
organismo, influenciando positivamente a saúde (Kitts & Weiler, 2003). Fitzgerald & Murray 
(2006) definem peptídeos bioativos como peptídeo com atividade de hormônio ou droga que 
pode modular funções fisiológicas por meio de interações e ligações a receptores específicos 
em células-alvo induzindo respostas fisiológicas. Moller et al. (2008) os definem como um 
componente alimentar que pode afetar processos ou substratos biológicos tendo um impacto 
na função corporal ou condição de saúde. Ainda, acrescenta-se que para ser considerado 
bioativo o componente dietético deve ao menos mostrar um efeito fisiologicamente 
mensurável, enquanto que o termo bioatividade refere-se ao conceito de que o peptídeo deve 
afetar a saúde somente de maneira positiva e, portanto, excluir possíveis efeitos prejudiciais 
como toxicidade e alergenicidade. Mohanty et al. (2015) definem como fragmentos que 
permanecem inativos na sequência proteica precursora, mas que quando são liberados por 
meio da ação de enzimas proteolíticas, podem interagir com receptores e regular funções 




Hati & Mishra (2015) estabelecem que peptídeos bioativos são fragmentos 
proteicos que têm impacto positivo na saúde. Hajirostamloo 2010 descreve que peptídeos 
bioativos são componentes derivados de alimentos que além do seu valor nutricional, exercem 
um efeito fisiológico no organismo. Park & Nam (2015) definem peptídeos bioativos como 
específicos fragmentos proteicos que possuem influência positiva em funções fisiológicas e 
metabólicas na saúde humana. Pihlanto (2011), por sua vez, refere-se ao termo, como 
peptídeos de origem vegetal ou animal que podem ter funções regulatórias no organismo 
humano que vão além da nutrição tradicional. Santiago-López et al., (2016) concordam que 
peptídeos bioativos são sequências especificas com propriedades funcionais que são liberados 
somente após a degradação de proteínas durante o processo de digestão. Diante das definições 
descritas na literatura, eu poderia definir peptídeo bioativo como: molécula proteica 
sinalizadora capaz de promover respostas fisiológicas específicas no organismo.  
A atividade biológica do peptídeo é baseado em sua composição, sequência 
aminoacídica (Mohanty et al., 2015; Hati & Mishra, 2015; Pihlanto, 2011; Korhonen & 
Pihlanto, 2003), tamanho da cadeia (Hajirostamloo, 2010), a proteína de origem e a sua 
biodisponibilidade (Santiago-López et al., 2016). Geralmente os peptídeos que possuem 
maior biofuncionalidade apresentam sequências curtas, por volta de 2-8 aminoácidos na 
cadeia, podendo ser resistentes a peptidases digestivas. Ainda, reporta-se que peptídeos com 
baixo peso molecular podem ser mais biodisponíveis comparado a proteínas ou aminoácidos 
livres, bem como menos alergênicos (Bhat et al., 2015; Hajirostamloo, 2010). Usualmente os 
peptídeos podem ser classificados de acordo com o tamanho, sendo pequenos (menos que 7 
aminoácidos), médios (7-25) e grandes (mais que 25) (Capriotti et al., 2016). 
Nos últimos 20 anos houve o aumento exponencial no interesse sobre os possíveis 
peptídeos (sequências) com atividade biológica. Os peptídeos podem ser classificados de 




imunomodulatório, antioxidante (Park & Nam, 2015: Sharma, 2011), redutores de colesterol 
(Sharma, 2011), antitrombótico, anticancer (Bhat et al., 2015), indutor de saciedade (Park & 
Nam, 2015; Mohanty et al., 2015) entre outros. Além disso, tem sido reportado que alguns 
peptídeos podem ser multifuncionais, ou seja, apresentam mais de um efeito biológico 
diferente (Bhat et al., 2015; Pihlanto, 2011; Korhonen & Pihlanto, 2003).   
Os peptídeos bioativos presentes dentro da sequência proteica podem ser liberados 
espontaneamente durante a digestão no trato gastrointestinal (in vivo) após o consumo de uma 
fonte proteica, ou por hidrólise prévia (in vitro) (Mohanty et al., 2015; Pihlanto, 2011). Existe 
uma extensa gama de métodos capazes de produzir/liberar peptídeos que estão inativos dentro 
da sequência da proteína intacta, entre as mais utilizadas estão: peptídeos formados por 
hidrólise enzimática (geralmente enzimas digestivas), por atividade microbiana, pela ação de 
enzimas oriundas de microrganismos (Park & Nam, 2015; Bhat et al., 2015; Hajirostamloo, 
2010; Korhonen, 2009; Korhonen & Pihlanto, 2003) e por fermentação (Hati & Mishra, 2015; 
Mohanty et al., 2015; Korhonen, 2009; Fitzgerald & Murray, 2006; Korhonen & Pihlanto, 
2003).  
O uso da técnica de hidrólise enzimática, usando as enzimas pepsina, tripsina e 
quimiotripsina tem sido amplamente aplicada para liberar peptídeos provenientes da caseína e 
da proteína do soro do leite (Mohanty et al., 2015; Bhat et al., 2015; Korhonen, 2009). O 
perfil dos peptídeos liberados pelo hidrolisado proteico pode depender de diversos fatores, 
incluindo: a especificidade da enzima, no qual influencia o número e tamanho dos peptídeos 
formados; a razão enzima/proteína; a fonte proteica usada como substrato; a extensão da 
hidrólise; e as condições físico-químicas aplicadas durante a reação, como o pH, temperatura, 
tempo de reação entre outros (Lacou et al., 2016). Uma vez que a estrutura do peptídeo 
bioativo é conhecida ou definida, é também possível sintetizar o peptídeo isoladamente em 




e síntese enzimática, sendo o peptídeo sintético relativamente limitado a sequências curtas 
(Bhat et al., 2015; Madureira et al., 2010).     
Os peptídeos podem ser provenientes de diversas fontes alimentares como por 
exemplo, ovos, peixes, carnes e leite. Mas até o momento, as proteínas do leite são as 
principais e relevantes fontes de peptídeos bioativos e também as mais estudadas (Bhat et al., 
2015; Korhonen & Pihlanto, 2003).  
Uma das atividades biológicas mais extensivamente estudadas de um peptídeo em 
animais e humanos foi a anti-hipertensiva, pela qual o peptídeo bioativos geralmente é capaz 
de inibir a enzima conversora da angiotensina (Pihlanto, 2011). Em geral, tem sido descrita a 
recorrente presença do aminoácido prolina no peptídeo com alegação antihipertensiva (Bhat et 
al., 2015). Para peptídeos com alegação antioxidante geralmente há em sua sequência a 
prolina, histidina, tirosina (Mohanty et al., 2015; Pihlanto, 2011) e triptofano (Mohanty et al., 
2015). Peptídeos com funcionalidade de anti-obesidade, reporta-se a presença da arginina e 
peptídeos de cadeias longas (Pihlanto, 2011).     
Um estudo pioneiro e interessante realizado por Boutrou e colaboradores (2013) 
caracterizou, quantificou e determinou a formação de peptídeos de forma cinética presente no 
jejuno de humanos após consumirem caseína ou proteína do soro do leite (PSL) (30 gramas). 
Os resultados mostraram que a liberação dos peptídeos após o consumo da caseína durou 6 
horas enquanto que para a PSL durou somente 3 horas com acentuado pico de liberação na 
primeira hora. Foi possível detectar um total de 356 peptídeos após a ingestão da caseína e 
146 peptídeos após a PSL. Houve a liberação de peptídeos de vários tamanhos, mas em geral 
a caseína gerou peptídeos de 750-1050 kDa e a PSL de 1050-1800 kDa. Alguns dos peptídeos 
gerados após o consumo da proteína do soro do leite estão apresentados na Tabela 2. Os dados 
desse trabalho indicam que a velocidade, a quantidade e o tamanho dos peptídeos liberados no 




(Boutrou et al, 2013).  
Há um bom número de estudos que mostram as diversas propriedades funcionais 
de diferentes peptídeos bioativos isolados do leite, alguns deles estão apresentados na tabela 
3. 
Evidencias suportam que alguns peptídeos bioativos podem alcançar a circulação, 
células e tecidos alvo em sua forma intacta e portanto passariam pelo trato gastrointestinal 
sem sofrer qualquer modificação (Foltz et al., 2007) e que di e tripeptídeos são facilmente 
absorvidos no intestino (Pihlanto, 2011; Moller et al., 2008). Ainda, sugere-se que peptídeos 
podem atuar diretamente por meio de receptores e sinalização celular no próprio trato 
intestinal (Pihlanto, 2011). Estudo conduzido por Pihlanto 2011 reporta a presença dos 
tripeptideos Val-Pro-Pro e lle-Pro-Pro, presentes no leite, no tecido aórtico 6 horas após a 
absorção.      
A aplicação de peptídeos com propósito terapêutico e comercial no tratamento de 
enfermidades tem crescido e ganhando atenção dos pesquisadores e indústrias. Em países 
como o Japão, já estão disponíveis produtos comerciais contendo peptídeos bioativos com 
capacidade anti-hipertensiva, como por exemplo, produtos lácteos fermentados que possuem 
o tripeptídeo Val-Pro-Pro (Hati & Mishra, 2015). Na França é produzido o produto “Prodiet 
F200/Lactium” que possui o peptídeo Tyr-Leu- Gly-Tyr-Leu-Glu-Gln-Leu-Leu-Arg, o qual 
atribuem efeito anti-estresse (Korhonen, 2009). Uma vez que haja a presença de peptídeos 
bioativos em produtos lácteos fermentados ou em outros produtos e matrizes, é importante 
saber a formação e estabilidade desses peptídeos, entretanto isso nem sempre é controlado e, 
portanto, certos efeitos benéficos a saúde podem não ser garantidos (Korhonen, 2009). 
Korhonen (2009) aponta que novas tecnologias como micro e nano encapsulação podem 
oferecer soluções para melhorar a estabilidade dos peptídeos durante a digestão e em diversos 




crescido em modelos in vitro e in vivo, porém extrapolar os resultados obtidos para um 
produto alimentar ainda pode ser difícil e requer cuidado, pois as interações entre os 
componentes do produto podem interferir na capacidade funcional do peptídeo (Lacou et al., 
2016).     
O crescente uso e busca por novos efeitos do consumo de peptídeos também se dá 
pela maior solubilidade e estabilidade encontrada em um peptídeo do que quando se usa o 
aminoácido em sua forma livre, por isso por vezes encontramos efeitos mais promissores em 
peptídeos. Isso tem sido atribuído ao glycopeptide transport protein (PepT-1) encontrado nas 
células intestinais, o qual tem maior capacidade de transporte e absorção de dipeptídeos e 
tripeptídeos do que o aminoácido livre. Dessa maneira, pode-se evitar a metabolização do 
peptídeo no intestino podendo atingir a circulação e ou o tecido alvo (Cruzat et al., 2014).   
Há uma base de dados com diversos peptídeos bioativos seja de origem animal, 
vegetal ou sintético, na qual a comunidade científica pode adicionar a descoberta da sua 
sequência peptídica, a atividade do peptídeo e as informações relevantes (BIOPEP database – 
http://www.uwm.edu.pl/biochemia/biopep/start_biopep.php) (Minkiewicz et al., 2008).  
Os peptídeos bioativos, em especial os derivados do leite, têm agora alto interesse 
comercial e valor agregado para serem usados em aplicações dietéticas de suplementação, 
elaboração de produtos com apelo funcional e até formulações farmacêuticas. O efeito, a 
eficácia e segurança no consumo desses possíveis produtos que usam peptídeos ainda devem 







Tabela 3. Peptídeos identificados na proteína do soro do leite 
Proteína 
β-Lactoglobulina 







GLDIQKVA VYVEELKPT TKIPAV 
 
GLDIQKVAGT EILLQ LDTDYKKYL 
 
ASDISLLDAQ VYVEELKPTPEGDLE DALNENKVLVLDTDY 
 
ISLLDAQ TPEGDLEIL RLSFNPT 
 
KWENGECAQKK KPTPEGDL VLV 
 
RVYVEELKPTPEGDLE EELKPTPE FKIDAL 
 
RVYVEELKPTPEGDLEILL VEELKPTPE KIDAL 
α-Lactoalbumina GYGGVSLPE DDQNPHS  
 
GGVSLPE KILDKV  
 
FHTSGYDT FLDDDLTDD  
 
QINNKI DDLTDDIM  
 
DDQNPH LDDDLTDDI  





Tabela  4. Peptídeos bioativos derivados do leite 
Atividade biológica Peptídeo Referência 
Antiestresse HIRL Pihlanto et al. 2011 
Anti-hipertensivo YGF Park & Nam 2015 
Anti-hipertensivo VPP/IPP Pihlanto et al. 2011 
Anti-hipertensivo FFVAP Pihlanto et al. 2011 
Anti-hipertensivo TTMPLW Pihlanto et al. 2011 
Anti-hipertensivo IPP Foltz et al. 2007 
Anti-hipertensivo LVVPGEIVE Boutrou et al. 2013 
Anti-hipertensivo QDKIHPF Boutrou et al. 2013 
Anti-hipertensivo VYPFPEPIPN Boutrou et al. 2013 
Anti-hipertensivo EMPFPK Boutrou et al. 2013 
Anti-hipertensivo LHLPLP Boutrou et al. 2013 
Anti-hipertensivo RL Madureira et al. 2010 
Anti-hipertensivo YG Madureira et al. 2010 
Anti-hipertensivo ALPM Madureira et al. 2010 
Antioxidante YFYPEL Suetsuna et al. (2000) 
Antioxidante YFYPEL Pihlanto et al. 2011 
Antioxidante MHIRL Pihlanto et al. 2011 
Antioxidante YVEEL Pihlanto et al. 2011 
Antioxidante WY BIOPEP 
Antitrombótico MAIPPKKNQDK Pihlanto et al. 2011 
Antitrombótico VPQLEIVPNSA Boutrou et al. 2013 
Antitrombótico VPNSA Boutrou et al. 2013 
Hipocolesterolêmico IIAEK Nagaoka et al (2001) 
Hipocolesterolêmico IIAEK Pihlanto et al. 2011 
Hipocolesterolêmico ALPMH Pihlanto et al. 2011 
Imunomodulador YPFPGPI Pihlanto et al. 2011 




Morato et al. 2013 




4. Aminoácidos e HSPs 
Diversos estudos mostram que a glutamina, por si só, é capaz de induzir o rápido 
e significativo aumento na expressão da HSP70 em ratos, e assim proteger o organismo de 
uma forma mais eficaz contra possíveis danos celulares causados por diferentes fontes de 
estresse (Wischmeyer et al., 2001; Ehrenfried et al., 1995). Além disso, a utilização de 
glutamina, aliado ao aumento na expressão das HSPs, é capaz de proporcionar o aumento no 
percentual de sobrevivência durante uma situação de estresse nos animais (Singleton & 
Wischmeyer, 2007).  
O conhecido efeito protetor da glutamina pode estar diretamente relacionado com 
a habilidade que este aminoácido mostrou em aumentar a expressão do sistema de defesa das 
HSPs. E que são as HSPs as responsáveis pela proteção conferida. Essa hipótese é sustentada, 
pois, quando o gene da HSP70 foi silenciado, mesmo com a suplementação de glutamina, não 
houve redução dos marcadores de lesão. Portanto, sugere-se que a elevação nas HSPs é um 
efeito promissor que favorece as propriedades de proteção, defesa e resistência da célula, pela 
qual são responsáveis (Singlenton et al., 2007).     
O efeito proporcionado pela glutamina parece ser dose-dependente, capaz de 
aumentar a concentração de HSP70 em pulmão e reduzir os danos teciduais induzidos por 
isquemia e reperfusão (Guiqi, 2011). Já o estímulo para o aumento da HSP70 pode ser um 
importante mecanismo de citoproteção, inclusive nos rins. A administração de glutamina em 
processo pré-operatório renal, elevou a HSP70 e atenuou os danos causados pela cirurgia 
(Fuller et al., 2007).  Outro estudo mostra que o uso de uma única dose glutamina 30 minutos 
antes da indução de uma diarreia severa, foi capaz de aumentar a HSP 25, 70 e 90, no 
intestino e reduzir a incidência e severidade da diarreia (Xue et al., 2008).   
O mecanismo pelo qual a glutamina induz a expressão das HSPs ainda não foi 




capacidade da glutamina esteja associada à via de biossíntese da hexosamina e suas enzimas. 
Essa via é responsável pela glicosilação (adição de grupos glicosídicos) de fatores de 
transcrição, proteínas nucleares e citoplasmáticas (Hamiel et al., 2009). Ainda, a via de 
biossíntese da hexosamina está fortemente relacionada com aspectos de sobrevivência celular, 
na qual envolve a utilização de unidades de glicose oriundas do metabolismo oxidativo. 
Estima-se que em condições normais essa via consuma de 2 a 5% da glicose captada pelas 
células.  
Uma das enzimas importantes presente nessa via e que mostrou relação com o 
efeito da glutamina nas HSPs é a O-GlcNAc transferase (OGT), a qual é responsável pela 
catálise da modificação proteica que envolve a glicosilação em resíduos específicos de serina 
e treonina em diversas proteínas (Hamiel et al., 2009; Chatham et al, 2008).     
Se por um lado, está estabelecida a capacidade da glutamina em modelos 
experimentais com animais e humanos, inclusive associado ao exercício (Zuhl et al., 2015), 
por outro lado, poucos estudos reportam se outros aminoácidos seriam capazes de induzir as 
HSPs. In vitro, a L-Treonina induziu HSP70 e HSP25 em células epiteliais intestinais (Baird 
et al., 2013). Similarmente, também em células intestinais, a L-metionina elevou os níveis da 
HSP70 (Han et al., 2015). In vivo, a suplementação com L-arginina promoveu o aumento na 
expressão da HSP70 em intestino de porco (Wu et al., 2010). Ainda, sabe-se que o consumo 
da proteína do soro do leite hidrolisada aumenta a expressão da HSP após o exercício em 
diversos tecidos e foi sugerido que o efeito protetor da PSLH tenha provável relação com sua 
abundante concentração de aminoácidos de cadeia ramificada (De Moura et al., 2013).  
Estudo anterior realizado por Phanvijhitsiri et al. (2006) verificou se os 
aminoácidos arginina, histidina, glutamato, prolina, alanina e glicina individualmente, 
produziriam o mesmo efeito da glutamina nas mesmas concentrações. Os dados revelaram 




esse estudo foi realizado in vitro e, portanto, a célula tinha apenas o aminoácido testado como 
única fonte de nutriente, não levando em consideração a dinâmica do corpo, uma vez que o 
glutamato, por exemplo, pode ser utilizado para a síntese de glutamina. Mas, devido à 
importância e o envolvimento do glutamato no metabolismo da glutamina, houve uma 
segunda tentativa, na qual se aumentou a concentração de glutamato para 10mM. Nessa 
concentração, o glutamato foi capaz de elevar a HSP, embora ainda em nível inferior ao 


























ABECIA-SORIA, M. I. A. Efeito da alimentação sub-crônica do hidrolisado das 
proteínas do lactosoro em ratos sedentários e exercitados. Campinas, 2003. 163p. 
Dissertação (Mestrado em Alimentos e Nutrição) - Universidade Estadual de Campinas, 
Faculdade de Engenharia de Alimentos.  
 
ÅKERFELT, M.; MORIMOTO, R. I.; SISTONEN, L. Heat shock factors: integrators of cell 
stress, development and lifespan. Nature Reviews Molecular cell Biology, v. 11, p. 545 – 
555, 2010.  
 
AKIN, S. et al. Short-term treadmill exercise in a cold environment does not induce adrenal 
Hsp72 and Hsp25 expression. J Physiol Sci. 2016. 
 
AMADEU, T. P. et al. Nitric Oxide Donor Improves Healing if Applied on Inflammatory and 
Proliferative Phase. Journal of Surgical Research, v. 149, p. 84–93, 2008.  
 
AMORIM, F. T. et al. Insights into the role of heat shock protein 72 to whole-body heat 
acclimation in humans. Temperature, v. 2, n. 4, p. 499 - 505, 2015.   
 
ANCKAR, J.; SISTONEN, L. Regulation of HSF1 function in the heat stress response: 
Implications in aging and disease. Annu. Rev. Biochem, v.80, p. 1089 – 1115, 2011. 
 
ANTUNES NETO, J. M. F.; SILVA, L. P.; MACEDO, D. V. Proteínas de estresse HSP70 
atuam como marcadoras de estresse oxidativo em ratos Wistar submetidos a treinamento 
intermitente de corrida para indução de overreaching. Brazilian Journal of Biomotricity, v. 
2, n. 3, p. 160 – 175, 2008.  
 
ATALAY, M. et al. Exercise training modulates heat shock protein response in diabetic rats. 
Journal of Applied Physiology, v. 97, p. 605 – 611, 2004.  
 
BAE J. et al. Phenotypic and Functional Effects of Heat Shock Protein 90 Inhibition on 





BAIRD C. H.; NIEDERLECHNER, S.; BECK, R. L-Threonine induces heat shock protein 
expression and decreases apoptosis in heat-stressed intestinal epithelial cells. Nutrition, v.  
29, p. 1404 – 1411, 2013.   
 
BATLOUNI, M. Endotélio e hipertensão arterial. Rev Bras Hipertens, v. 8, p. 328 - 338, 
2001.  
 
BELTER, J. G.; CAREY, H. V.; JUNIOR, T. G. Effects of voluntary exercise and genetic 
selection for high activity levels on HSP72 expression in house mice. Journal of Applied 
Physiology, v. 96, p. 1270 – 1276, 2004.  
 
BENJAMIN, I. J.; McMILLAN, D. R. Stress (Heat Shock) Proteins: Molecular Chaperones in 
Cardiovascular Biology and Disease. American Heart Association, v. 83, p.117-132, 1998.  
 
BENJAMIN, J. et al. Glutamine and Whey Protein Improve Intestinal Permeability and 
Morphology in Patients with Crohn’s Disease: A Randomized 
Controlled Trial. Digestive Diseases and Sciences, 2012.   
 
BHAT, Z. F.; KUMAR, S.; BHAT, H. F. Bioactive peptides of animal origin: a review. J 
Food Sci Technol, v. 52, n. 9, p. 5377–5392, 2015.   
 
BOUTROU, R. et al. Sequential release of milk protein–derived bioactive peptides in the 
jejunum in healthy humans. Am. J. Clin Nutr, v. 97, p. 1314–23, 2013.  
 
BRINKMEIER, H.; OHLENDIECK, K. Chaperoning heat shock proteins: Proteomic analysis 
and relevance for normal and dystrophin-deficient muscle. Proteomics Clin. Appl., v. 0, p. 
1 – 21, 2014.  
 
BUCHNER, J. Hsp90 & Co. a holding for folding. Trends Biochem Sci., v. 24, n. 4, p. 136 – 
141, 1999.  
 
BUCHNER, J.; RICHTER, K. Chaperoning Signal Transduction. Journal of cellular 





CAMPISI, J. et al. Habitual physical activity facilitates stress-induced HSP72 induction in 
brain, peripheral, and immune tissues. Am. J. Physiol. Regul. Integr. Comp. Physiol. v. 
284, p. 520 – 530, 2003.  
 
CAPRIOTTI, A. L. et al. Recent trends in the analysis of bioactive peptides in milk and dairy 
products. Anal Bioanal Chem, v. 408, p. 2677–2685, 2016.  
 
CARVALHO-SILVA, L. B.; MOURÃO, L. F.; SILVA,  A. S. et al. Effect of nutritional  
supplementation with milk whey proteins in amyotrophic lateral sclerosis  patients. Arq 
Neuropsiquiatr, v. 68, p. 263 – 268, 2010. 
 
CAVALHEIRO, L. A. O efeito da suplementação de soro de leite sobre os linfócitos de 
ratos wistar. Campinas, 2007. 108p. Dissertação (Mestrado em Alimentos e Nutrição) - 
Universidade Estadual de Campinas, Faculdade de Engenharia de Alimentos.   
 
CHATHAM, J. C. et al. Hexosamine biosynthesis and protein o-glycosylation: the first line of 
defense against stress, ischemia, and trauma. Shock, v. 29, n. 4, p. 431 - 440, 2008.   
 
COSTA, G. E. A. Comparação dos efeitos nutricionais, bioquímicos e fisiológicos 
decorrentes do consumo de proteínas do leite por ratos sedentários e treinados. 
Campinas, 2010. 94p. Tese (Doutorado em Alimentos e Nutrição) - Universidade Estadual de 
Campinas, Faculdade de Engenharia de Alimentos.  
 
CRABTREE, M. J. HALE, A. B. CHANNON, K. M. Dihydrofolate reductase protects 
endothelial nitric oxide synthase from uncoupling in tetrahydrobiopterin deficiency. Free 
Radical Biology & Medicine, v. 50, p. 1639–1646, 2011.  
 
CRUZAT, V. F.; KRAUSE, M.; NEWSHOILME, P. Amino acid supplementation and impact 
on immune function in the context of exercise. Journal of the International Society of 
Sports Nutrition, v. 11, p. 61,  2014.  
 
CSERMELY, P. et al. The 90-kDa Molecular Chaperone Family: Structure, function, and 





CSERMELY, P.; YAHARA, I. Heat shock proteins. In: KERI, G.; TOTH, I. Molecular 
Pathomechanisms and new trends in drug research. 2002. p. 67 – 75.    
 
 DE MOURA, C. S.; LOLLO,  P. C. B.; MORATO, P. N.; CARNEIRO, E. M.; AMAYA-
FARFAN, J. Whey protein hydrolysate enhances the exercise-induced heat shock protein 
(HSP70) response in rats. Food Chem, v. 136, p. 1350 – 1357, 2013. 
 
DEZWAAN, D. C.; FREEMAN, B. C. HSP90 The Rosetta stone for cellular protein 
dynamics?, Cell Cycle, n. 7, v. 8, p. 1006 – 1012, 2008.  
 
DILLER, K. R. Stress protein expression kinetics. Annu. Rev. Biomed. Eng, v. 8, p. 403 – 
424, 2006.   
 
DUBEY, A.; PRAJAPATI, K. S.; SWAMY, M.; PACHAURI, V. Heat shock proteins: a 
therapeutic target worth to consider. Veterinary World, v. 8, n. 1, p. 46-51, 2015.  
 
EHRENFRIED, J. A. et al. Glutamine-mediated  regulation  of heat shock  protein expression  
in  intestinal  cells. Surgery, v. 118, n. 2, p. 352 – 357, 1995. 
 
ESCOBEDO, J.; PUCCI, A. M.; KOH, T. J. Hsp25 protects skeletal muscle cells against 
oxidative stress. Free Radical Biology & Medicine, v. 37, n. 9, p. 1455–1462, 2004.  
 
ETZEL, M. R.; Manufacture and use of dairy protein fractions. The Journal of Nutrition, v. 
134, n. 4, p. 996 – 1002, 2004. 
 
FARIA, I . C.; NERY-DIEZ, A. C. C.; LOLLO, P. C. B. et al. Myocardial glycogen is  
increased in sedentary rats fed milk whey protein digests when brought to  exhaustion. 
African Journal of Biotechnology, v. 11, p. 2402 – 2405, 2012. 
 
FILIPPIN, L.I. et al. Nitric oxide and repair of skeletal muscle injury. Nitric Oxide, v. 21, p. 
157–163, 2009.  
 
FITZGERALD, R. J.; MURRAY, B. A. Bioactive peptides and lactic fermentations. 




FOLKESSON, M. et al. The expression of heat shock protein in human skeletal muscle: 
effects of muscle fibre phenotype and training background. Acta Physiol (Oxf)., v. 209, n. 1, 
p. 26 – 33, 2013. 
 
FOLTZ, M.; MEYNEN, E. E.; BIANCO, V.; PLATERINK, C. V.; KONING, T. M. M. G.; 
KLOEK, J. Angiotensin converting enzyme inhibitory peptides from a lactotripeptide-
enriched milk beverage are absorbed intact into the circulation. The Journal of Nutrition, v. 
137, p. 953 – 958, 2007.  
 
FUJISAWA, K. et al. Expression patterns of heat shock protein 25 in carbon tetrachloride-
induced rat liver injury. Experimental  and  Toxicologic  Pathology, v. 65, n. 5, p. 469-476, 
2013. 
 
FULLER, T. F. et al. Glutamine Donor Pretreatment in Rat Kidney Transplants with severe 
preservation reperfusion injury. Journal of Surgical Research, v. 140, p. 77 – 83, 2007.  
GABAI, V. L.; SHERMAN, M. Y. Interplay between molecular chaperones and signaling 
pathway sinsurvival of heat shock. Journal Appl. Physiol, v. 92, p. 1743 – 1748, 2002.   
 
GARRIDO, C. Et al. Heat Shock Proteins: Endogenous Modulators of Apoptotic Cell Death. 
Biochemical and Biophysical Research Communications, v. 286, p. 433 – 442, 2001.  
 
GERNOLD, M. et al. Development and tissue-specific distribution of mouse small heat shock 
protein hsp25. Developmental genetics, v. 14, p. 103 – 111, 1993.  
 
GILLIGAN, D. M. et al. Contribution of endothelium-derived nitric oxide to exercise-induced 
vasodilation. Circulation, v. 90, n. 6, 1994.   
 
GORDON, M. B. et al. The contribution of nitric oxide to exercise hyperemia in the human 
forearm. Vascular Medicine, v. 7, p. 163–168, 2002. 
 
GRAD, I. et al. The Molecular Chaperone Hsp90a Is Required for Meiotic Progression of 





GUIQI, G. Pre-treatment with glutamine attenuates lung injury in rats subjected to intestinal 
ischaemia–reperfusion. njury, Int. J. Care Injured, v. 42, p. 72 – 77, 2011. 
 
GUPTA, S.C. et al. Heat shock proteins in toxicology: How close and how far?. Life 
Sciences, v. 86, p. 377 – 384, 2010.  
 
HAHN, JI-SOOK. The Hsp90 chaperone machinery: from structure to drug development. 
BMB reports, v. 42, n. 10, p. 623 – 630, 2009. 
 
HAJIROSTAMLOO, B. Bioactive Component in Milk and Dairy Product. International 
Journal of Biological, Biomolecular, Agricultural, Food and Biotechnological 
Engineering, v. 4, n. 12, p. 870-874, 2010.  
 
HALL, D. M. et al. Aging reduces adaptive capacity and stress protein expression in the liver 
after heat stress. Journal Appl. Physiol., v.89, p.749–759, 2000.  
 
HAMIEL, C. R. et al. Glutamine enhances heat shock protein 70 expression via increased 
hexosamine biosynthetic pathway activity. Am. J. Physiol. Cell. Physiol., v. 297, p. 1509 – 
1519, 2009.  
 
HAN, ZHAO-YU.; MU, T.; YANG, Z. Methionine protects against hyperthermia-induced 
cell injury in cultured bovine mammary epithelial cells. Cell Stress and Chaperones, v. 20, 
p. 109 – 120, 2015.  
 
HATI, S.; MISHRA, B. K. Health Benefits of milk derived biofunctional peptides – A review.  
Int. J. Bio-res. Env. Agril. Sci., v. 1, n. 2, p. 14-20, 2015.   
 
KITTS, D. D.; WEILER K. Bioactive Proteins and Peptides from Food Sources. Applications 
of Bioprocesses used in Isolation and Recovery. Current Pharmaceutical Design, v. 9, p. 
1309-1323, 2003.  
HO, J. S. L.; WESTWOOD, J. T. Transcriptional regulation of the mammalian heat shock 
genes. In: NOBLE, E. G.; LOCKE, M. Exercise and the stress response: the role of stress 




HOLZBEIERLEIN, J. M.; WINDSPERGER, A.; VIELHAUER, G. Hsp90: A Drug Target?. 
Curr Oncol Rep, v. 12, p. 95 – 101, 2010.  
 
HULMI, J. J.; LOCKWOOD, C. M.; STOUT, J. R. Review Effect of protein/essential amino 
acids and resistance training on skeletal muscle hypertrophy: A case for whey protein. 
Nutrition & Metabolism, v. 7, n.51, p. 1 – 11, 2010. 
 
ILKKA, H. et al. Skeletal muscle blood flow and oxygen uptake at rest and during exercise in 
humans: a pet study with nitric oxide and cyclooxygenase inhibition. Am J Physiol Heart 
Circ Physiol, v. 300, p. 1510 – 1517, 2011. 
 
JANG, H. J. et al. Glutamine induces heat-shock protein-70 and glutathione expression and 
attenuates ischemic damage in rat islets. Transplantation Proceedings, v. 40, p. 2581 – 
2584, 2008.  
 
KAMINSKI, H. J.; ANDRADE, F. H. Nitric oxide: biologic effects on muscle and role in 
muscle diseases. Neuromuscular Disorders, v. 11, p. 517 – 524, 2001.  
 
KAMPINGA, H. H.; BERGINK, S. Heat shock proteins as potential targets for protective 
strategies in neurodegeneration. Lancet Neurol, v. 15, p. 748 – 759, 2016.  
 
KAMPINGA, H. H.; CRAIG, E. A. The HSP70 chaperone machinery: J proteins as drivers of 
functional specificity. Nature, v. 11, p. 579 – 592, 2010.  
 
KATSANOS, C. S. et al. Whey protein ingestion in elderly results in greater muscle protein 
accrual than ingestion of its constituent essential amino acid content. Nutr. Res., v. 28, n. 10, 
p. 651–658, 2008. 
 
KATZ, S. D. et al. Exercise-induced vasodilation in forearm circulation of normal subjects 
and patients with congestive heart failure:  role of endothelium-derived nitric oxide. JACC, v. 
28, n. 3, p. 585 – 590, 1996.  
 
KHALIL, A. A. et al. Heat shock proteins in oncology: Diagnostic biomarkers or therapeutic 




KIANG, J. G.; TSOKOS, G. C. Heat Shock Protein 70 kDa: Molecular Biology, 
Biochemistry, and Physiology. Pharmacol. Ther., v. 80, n. 2, p. 183 – 201, 1998. 
 
KIANG, J.G. Inducible heat shock protein 70 kD and inducible nitric oxide synthase in 
hemorrhage/resuscitation-induced injury. Cell Research, v. 14, p. 450 – 459, 2004.  
 
KIM, L. S.; KIM, J. H. Heat Shock Protein as Molecular Targets for Breast Cancer 
Therapeutics. Journal Breast Cancer, v. 14, n. 3, p. 167-174, 2011.  
KINGWELL, R. A. Nitric oxide-mediated metabolic regulation during exercise: effects of 
training in health and cardiovascular disease. FASEB, v. 14, p. 1685 – 1696, 2000.  
 
KINNUNEN, S. et al. a-Lipoic acid supplementation enhances heat shock protein production 
and decreases post exercise lactic acid concentrations in exercised standardbred trotters. 
Research in Veterinary Science, v. 87, p. 462 – 467, 2009.  
 
KOPCZYŃSKA, B. et al. Anandamide enhances expression of heat shock proteins Hsp70 and 
Hsp25 in rat lungs. European Journal of Pharmacology, v. 668, p. 257 – 26, 2011.  
 
KORHONEN, H. Milk-derived bioactive peptides: From science to applications. Journal of 
Functional Foods, v.1, n. 2, p. 177–187, 2009. 
 
KORHONEN, H.; PIHLANTO, A. Food-derived Bioactive Peptides – Opportunities for 
Designing Future Foods. Current Pharmaceutical Design, v. 9, p. 1297-1308, 2003.   
 
LACOU, L.; LÉONIL, J.; GAGNAIRE, V. Functional properties of peptides: From single 
peptide solutions to a mixture of peptides in food products. Food Hydrocolloids, v. 57, p. 
187-199, 2016.   
 
LANNEAU, D. et al.  Heat shock proteins: essential proteins for apoptosis regulation. J. Cell. 
Mol. Med., v. 12, n. 3, p. 743 – 761, 2008.  
 
LATCHMAN, D. S. Protective Effect of Heat Shock Proteins in the Nervous System. 





LEE, MYOUNG-WOO, et al. Down-regulated reactive oxygen species by HSP90 in 3HK-
induced SKN-SH cell death. Journal of Thermal Biology, v. 30, p. 43 – 45, 2005.   
 
LI, J.; SOROKA, J.; BUCHNER, J. The Hsp90 chaperone machinery: Conformational 
dynamics and regulation by co-chaperones. Biochimica et Biophysica Acta, v. 1823, n. 3, p. 
624 – 635, 2012.  
 
LI, Y. et al. New developments in Hsp90 inhibitors as anti-cancer therapeutics: Mechanisms, 
clinical perspective and more potential. Drug Resistance Updates, v. 12, p. 17 – 27, 2009.  
 
LIVELY, T.; BROWN, I. R. Induction of heat shock proteins in the adult rat cerebral cortex 
following pilocarpine-induced status epilepticus. Brain research, v. 1368, p. 271 – 280, 
2011.   
 
LOCKE, M.; NOBLE, E.G.; ATKINSON, B.G. Exercising mammals synthesize stress 
proteins. Am J Physiol, v. 258, p. 723 – 729, 1990. 
 
LOLLO, P. C. B.; AMAYA-FARFAN,  J.; CARVALHO-SILVA, L. B. Physiological and  
Physical Effects of Different Milk Protein Supplements in Elite Soccer Players. Exercise 
Physiology & Sports Medicine, v. 30, p. 49 – 57, 2011. 
 
MADUREIRA, A. R. et al. Bovine whey proteins – Overview on their main biological 
properties. Food Research International, v. 40, p. 1197 – 1211, 2007.  
 
MADUREIRA, A. R. et al. Invited review: Physiological properties of bioactive peptides 
obtained from whey proteins. J. Dairy Sci., v. 93, p. 437–455, 2010.  
 
MAGLARA, A. A. et al. Damage to developing mouse skeletal muscle myotubes inculture: 
protective effect of heat shock proteins. Journal Physiol, v. 548.3, p. 837 – 846, 2003. 
 
MAILHOS, C. M.; HOWARD, K.;  LATCHMAN, D. S. et al. Shock Proteins hsp90 and 
hsp70 Protect Neuronal Cells from Thermal Stress but Not from Programmed Cell Death. J. 




MAKHNEVYCH, T.; HOURY, W. A. The role of Hsp90 in protein complex assembly. 
Biochimica et Biophysica Acta, p. 674 – 682, 2012.   
 
MARSHALL, K. Therapeutic Applications of Whey Protein. Altern. Med. Rev., v.9, n.2, 
p.136-156, 2004. 
 
MARTIN, J.; HORWICH, A. L.; HARTI, F. U. Prevention of Protein Denaturation Under 
Heat Stress by the Chaperonin Hsp60. Science, v. 258, 1992.  
 
MAYER, M. P.;  BUKAU, B. Molecular chaperones: The busy life of Hsp90. Curr Biol. v. 
9, n. 9. P. 322-325, 1999. 
 
MCARDLE, A. et al. Overexpression of HSP70 in mouse skeletal muscle Mechanisms, 
clinical perspective and more potential. Drug Resistance Updates, v. 12, p. 17 – 27, 2009.  
 
MEYER, P. et al. Structural and Functional Analysis of the Middle Segment of Hsp90: 
Implications for ATP Hydrolysis and Client Protein and Cochaperone Interactions. 
Molecular Cell, v. 11, p. 647 – 658, 2003.  
 
MICKE, P.; BEEH, K. M.; BUHL, R. Effects of long-term supplementation with whey 
proteins on plasma glutathione levels of HIV-infected patients. Eur. J. Nutr., v. 41, p. 12 – 
18, 2002.  
  
MINKIEWICZ P., DZIUBA J., IWANIAK A., DZIUBA M., DAREWICZ M., BIOPEP 
database and other programs for processing bioactive peptide sequences. Journal of AOAC 
International, 91, p. 965-980, 2008. 
 
MOHANTY, D. P.; MOHAPATRA, S.; MISRA, S.; SAHU, P. S.  Milk derived bioactive 
peptides and their impact on human health – A review. 
2015.http://dx.doi.org/10.1016/j.sjbs.2015.06.005  
 
MOLLAPOUR, M.; NECKERS, L. Post-translational modifications of Hsp90 and their 





MOLLER, N. P. et al. Bioactive peptides and proteins from foods: indication for health 
effects. Eur J Nutr, v. 47, p. 171–182, 2008.   
 
MORIMOTO, R. I. Regulation of the heat shock transcriptional response: cross talk between 
a family of heat shock factors, molecular chaperones, and negative regulators. Genes & 
Development, v.12, p. 3788 – 3796, 1998.  
 
MORTON, J. P. et al. Time course and differential responses of the major heat shock protein 
families in human skeletal muscle following acute nondamaging treadmill exercise. J Appl 
Physiol, v. 101, p. 176 –182, 2006. 
  
MURASHOV, A. K.; TALEBIAN, S. WOLGEMUTH, D. J. Role of heat shock protein 
Hsp25 in the response of the orofacial nuclei motor system to physiological stress. Molecular 
Brain Research, v. 63, p. 14–24, 1998. 
 
MURLASITS, Z. et al. Resistance training increases heat shock protein levels in skeletal 
muscle of young and old rats. Experimental Gerontology  v. 41, p. 398–406, 2006.  
  
MUSCH, M. W.; KAPIL, A.; CHANG, E. B. Heat shock protein 72 binds and protects 
dihydrofolate reductase against oxidative injury. Biochemical and Biophysical Research 
Communications, v. 313, p. 185–192, 2004.  
 
NAGAOKA, S. et al. Identification of Novel Hypocholesterolemic Peptides Derived from 
Bovine Milk β-Lactoglobulin. Biochemical and Biophysical Research Communications, v. 
281, p. 11–17, 2001. 
 
NAUGHTON, MC. L.; LOVELL, R.; MADDEN, L. Heat Shock Proteins in Exercise: A 
Review. Journal of Exercise Science and Physiotherapy, v. 2, p. 13 - 26, 2006.  
 
NERY-DIEZ, A.C.; CARVALHO, I. R.; AMAYA-FARFAN, J.  et al. Prolonged Ingestion of 
Prehydrolyzed Whey Protein Induces Little or No Change in  Digestive Enzymes, but 





NOBLE, E. G. Heat shock proteins and their induction with exercise. In: NOBLE, E.G.; 
LOCKE, M. Exercise and the stress response: the role of stress proteins, 2002. p. 43 – 61.   
 
NUSSBAUM, E. L.; LOCKE, M. Heat Shock Protein Expression in Rat Skeletal Muscle 
After Repeated Applications of Pulsed and Continuous Ultrasound. Arch Phys Med Rehabil, 
v. 88, 2007. 
 
PAEPE, B. et al. Heat shock protein families 70 and 90 in Duchenne muscular dystrophy and 
inflammatory myopathy: Balancing muscle protection and destruction. Neuromuscular 
Disorders, v. 22, p. 26–33, 2012. 
 
PAL, S.; ELLIS, V.;  DHALIWAL, S. Effects of whey protein isolate on body composition, 
lipids, insulin and glucose in overweight and obese individuals. Br J Nutr, v. 104, p. 716 – 
723, 2010. 
  
PANERATOU et al. Aha, Another Regulator for Hsp90 Chaperones. Molecular Cell, v. 10, 
p. 1255 – 1268, 2002.  
 
PARCELLIER, A.; GURBUXANI, S.; SCHMITT E.; SOLARY, E.; GARRIDO, C. Heat 
shock proteins, cellular chaperones that modulate mitochondrial cell death pathways. 
Biochemical and Biophysical Research Communications, v. 304, p. 505–512, 2003.   
 
PARK, Y. W.; NAM, M. S. Bioactive peptides in milk and dairy products: A review. Korean 
J. Food Sci. An., v. 35, n. 8, p. 831-840, 2015.  
 
PEARL, L. H.; PRODROMOU, C. Structure and Mechanism of the Hsp90 Molecular 
Chaperone Machinery. Annual Review of Biochemistry, v. 75, p. 271 – 294, 2006.  
 
PETERANDERL, R.; NELSON, H. C. M. Trimerization of the Heat Shock transcription 
factor by a triple-stranded α-helical coiled-coil. Biochemistry, v. 31, p. 12272 – 12276, 1992.  
 
PHANVIJHITSIRI, K. et al. Heat induction of heat shock protein 25 requires cellular 





PICARD, D. Heat-shock protein 90, a chaperone for folding and regulation. Cell. Mol. Life 
Sci., v. 59, p.  1640 – 1648, 2002.  
 
PIHLANTO, A. Bioactive peptides. In: Encyclopedia of dairy sciences, Academic Press, 
London, 2nd, v.3, p. 879-886, 2011. 
 
QU, B. et al. The detection and role of heat shock protein 70 in various nondisease conditions 
and disease conditions: a literature review. Cell Stress and Chaperones, v. 20, p. 885 – 892, 
2015.  
 
RADEGRAN, G.; HELLSTEN, Y. Adenosine and nitric oxide in exercise-induced human 
skeletal muscle vasodilatation. Acta Physiol Scand, v. 168, p. 575 – 591, 2000.  
 
RITOSSA, F. A new puffing pattern induced by temperature shock and DNP in Drosophila. 
Experientia, v. 18, p. 571 - 573, 1962. 
 
ROHDE, M.; DAUGAARD, M.; JENSEN, M. H. et al. Members of the heat-shock protein 70 
family promote cancer cell growth by distinct mechanisms. Genes & Development, v. 19, p. 
570 – 582, 2005.  
 
ROPELESKI, M. J. Et al. Interleukin-11–Induced Heat Shock Protein 25 Confers Intestinal 
Epithelial–Specific Cytoprotection From Oxidant Stress. Gastroenterology, v. 124, p.1358–
1368, 2003.  
 
SAIBIL, H. R. Chaperone machines in action. Current Opinion in Structural Biology, v.18, 
p. 35–42, 2008.  
SAIBIL, H. Chaperone machines for protein folding, unfolding and disaggregation. Nat Rev 
Mol Cell Biol., v.14, n. 10, p. 630–642, 2013.  
SALWAY, K. D.; GALLAGHER, E.J.; PAGE, M. M. et al. Higher  levels  of  heat  shock  
proteins  in  longer-lived  mammals  and  birds. Mechanisms  of  Ageing  and  





SANTIAGO-LÓPEZ, L. et al. Food-derived immunomodulatory peptides. J Sci Food Agric., 
2016. DOI 10.1002/jsfa.7697. 
 
SANTORO, M. G. Heat Shock Factors and the control of the stress response. Biochemical 
Pharmacology, v. 59, p. 55 – 63, 2000.  
 
SARKAR, S. et al. Heat shock proteins: Molecules with assorted functions. Front. Biol., v. 6, 
n. 4, p. 312 – 327, 2011.  
 
SHARMA, S.; SINGH, R.; RANA, S. Bioactive Peptides: A Review. Int. J. Bioautomation, 
v. 15, n. 4, p. 223-250, 2011.  
 
SHARP, F.R.; MASSA, S. M.; SWANSON, R. A. Heat-shock protein protection, Trends 
Neurosci. v. 22, 97–99, 1999.  
 
SHASTRY, S.; TOFT, D. O.; JOYNER, M. J. HSP70 and HSP90 expression in leucocytes 
after exercise in moderately trained humans. Acta Physiol Scand, v. 175, p. 139 – 146, 2002.  
 
SHI, Y.; MOSSER, D. D.; MORIMOTO, R. I. Molecular chaperones as HSF1-specific 
transcriptional repressors. Genes & Development, v. 12, p. 654 – 666, 1998. 
 
SILVA, V. C. H.; RAMOS, C. H. I. The network interaction of the human cytosolic 90 kDa 
heat shock protein Hsp90: A target for cancer therapeutics. J Proteomics., v. 6, n. 75, p. 
2790-802, 2012. 
 
SILVER, J. T.; NOBLE, E. G. Regulation of survival gene hsp70. Cell Stress and 
Chaperones, 2011.  
 
SINGLETON, K. D.; WISCHMEYER, P. E. Glutamine protection against sepsis and lung 
injury is dependent on heat shock protein 70 expression. Am. Journal Regul. Integr. Comp. 





SMOLKA, M. B. et al. HSP72 as a complementary protection agains to oxidative stress 
induced by exercise in the soleus muscle of rats. Journal of Physiology - Regulatory, 
Integrative and Comparative Physiology, v. 279, p. 1539 – 1545, 2000.  
 
SREEDHARAN, V. et al. The maximal cytoprotective function of the heat shock protein 27 
is dependent on heat shock protein 70. Biochimica et Biophysica Acta, v. 1813, 129–135, 
2011.  
 
STETLER, R. A. et al. Heat shock proteins: Cellular and molecular mechanisms in the central 
nervous system. Progress in Neurobiology, v. 92, p. 184 – 211, 2010. 
 
SUETSUNA, K. et al. Isolation and characterization of free radical scavenging activities 
peptides derived from casein. J. Nutr. Biochem, v. 11, p. 128–131, 2000. 
 
SUMIOKA, I. et al. Potential roles of hepatic heat shock protein 25 and 70i in protection of 
mice against acetaminophen-induced liver injury. Life Sciences, v. 74, p. 2551–2561, 2004.  
 
TAIPALE, M.; JAROSZ, D. F.; Lindquist, S. HSP90 at the hub of protein homeostasis: 
emerging mechanistic insights. Nature Reviews Molecular Cell Biology, v. 11, n. 7, p. 515 – 
28, 2010. 
 
TANG, J. E. et al. Ingestion of whey hydrolysate, casein, or soy protein isolate: effects on 
mixed muscle protein synthesis at rest and following resistance exercise in young men. 
Journal Appl. Physiol., v. 107, p. 987 – 992, 2009. 
 
TASSI, E. M. M.; AMAYA-FARFAN, J.; AZEVEDO, R. M. Hydrolyzed α-lactalbumln  as  a  
source  of  protein  to  the  exercising rat. Nutrition  Research, v. 18. n. 5. p. 875 - 881, 1998.   
 
TERASAWA, K.; MINAMI, M.; MINAMI, Y. Constantly Updated Knowledge of Hsp90. J. 
Biochem., v.137, p. 443 – 447, 2005.  
 
TOUCHBERRY, C. D. et al. Acute heat stress prior to downhill running may enhance 





THOMPSON, H. S.; et al. The repeated bout effect and heat shock proteins: intramuscular 
HSP27 and HSP70 expression following two bouts of eccentric exercise in humans. Acta 
Physiol Scand, v. 174, p. 47-56, 2002.  
  
WANDINGER, K. S.; RICHTER, K.; BUCHNER, J. The Hsp90 Chaperone Machinery. The 
journal of biological chemistry, v. 283, n. 27, p. 18473–18477, 2008. 
WHITESELL, L.; LINDQUIST, S. L. HSP90 and the chaperoning of cancer. nature reviews, 
v. 5, p. 761 – 772, 2005.  
 
WISCHMEYER, P. E. et al. Glutamine induces heat shock protein and protects against 
endotoxin shock in the rat. Journal of Applied Physiology, v. 90, p. 2403 – 2410, 2001.   
 
WISCHMEYER, P. E. Glutamine and Heat Shock Protein Expression. Nutrition, v. 18, p. 
225 – 228, 2002.    
 
WU, CHU-XIN. et al. Overexpression of Hsp90 from grass carp (Ctenopharyngodon idella) 
increases thermal protection against heat stress. Fish Shellfish Immunol. , p. 1 – 6, 2012. 
 
WU, X. et al. Dietary supplementation with L-arginine or N-carbamylglutamate enhances 
intestinal growth and heat shock protein-70 expression in weanling pigs fed a corn- and 
soybean meal-based diet. Amino Acids, v. 39, p. 831 – 839, 2010.   
 
WYATT, S.; MAILHOS, C.; LATCHMAN, D. S. Trigeminal  ganglion  neurons  are 
protected by  the heat  shock proteins hsp70  and hsp90  from  thermal  stress but not  from 
programmed cell death  following  nerve  growth  factor withdrawal. Molecular Brain 
Research, v. 39, p. 52 – 56, 1996.  
 
XUE, H. et al. Bolus oral glutamine protects rats against CPT-11-induced diarrhea and 
differentially activates cytoprotective mechanisms in host intestine but not tumor. The 
journal of Nutrition, v. 138, p. 740-746, 2008. 
 
YENARI, M. A. et al. The neuroprotective potential of heat shock protein 70 (HSP70). 




ZIEGLER, T. R. et al. Parenteral glutamine increases serum heat shock protein 70 in critically 
ill patients. Intensive Care Med, v. 31, p. 1079 – 1086, 2005.  
 
ZOPPI, C. C. Efeitos do treinamento e do “overtraining” no metabolismo oxidativo, 
enzimas antioxidantes e HSP72 em diferentes fibras musculares. Campinas, 2004. 96p. 
Tese (Doutorado em Biologia Funcional e Molecular) - Universidade Estadual de Campinas, 
Instituto de Biologia.   
 
ZUEHLKE, A.; JOHNSON, J. L. Hsp90 and co-chaperones twist the functions of diverse 
client proteins. Biopolymers, v. 93, n. 3, p. 211 – 217, 2010.  
 
ZUHL, M.; DOKLADNY, K.; MERMIER, C.; SCHNEIDER, S.; SALGADO, R.; 
MOSELEY, P. The effects of acute oral glutamine supplementation on exercise-induced 
gastrointestinal permeability and heat shock protein expression in peripheral blood 















CAPÍTULO 2 – Artigo Publicado:  
 
Whey protein hydrolysate enhances HSP90 but does not alter HSP60 and 








Whey Protein Hydrolysate Enhances HSP90 but Does Not
Alter HSP60 and HSP25 in Skeletal Muscle of Rats
Carolina Soares Moura1*, Pablo Christiano Barboza Lollo1, Priscila Neder Morato1, Luciana
Hisayama Nisishima1, Everardo Magalha˜es Carneiro2, Jaime Amaya-Farfan1
1Department of Food and Nutrition, Faculty of Food Engineering, University of Campinas (UNICAMP), Campinas, Sa˜o Paulo, Brazil, 2 Institute of Biology (IB), University of
Campinas (UNICAMP), Sa˜o Paulo, Brazil
Abstract
Whey protein hydrolysate (WPH) intake has shown to increase HSP70 expression. The aim of the present study was to
investigate whether WPH intake would also influences HSP90, HSP60 and HSP25 expression, as well as associated
parameters. Forty-eight male Wistar rats were divided into sedentary (unstressed) and exercised (stressed) groups, and were
fed with three different sources of protein: whey protein (WP), whey protein hydrolysate (WPH) and casein (CAS) as a
control, based on the AIN93G diet for 3 weeks. WPH intake increased HSP90 expression in both sedentary and exercised
animals compared to WP or CAS, however no alteration was found from exercise or diet to HSP60 or HSP25. Co-chaperone
Aha1 and p-HSF1 were also increased in the exercised animals fed with WPH in comparison with WP or CAS, consistent with
enhanced HSP90 expression. VEGF and p-AKT were increased in the WPH exercised group. No alteration was found in
BCKDH, PI3-Kinase (p85), GFAT, OGT or PGC for diet or exercise. The antioxidant system GPx, catalase and SOD showed
different responses to diet and exercise. The data indicate that WPH intake enhanced factors related to cell survival, such as
HSP90 and VEGF, but does not alter HSP60 or HSP25 in rat skeletal muscle.
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Introduction
Heat shock proteins (HSPs) were discovered by Feruccio Ritossa
in 1962 following observation of the chromosomes of Drosophila
melanogaster that were submitted to heat shock treatment. HSPs are
a complex physiological defense mechanism [1] that confer higher
tolerance and cell resistance against a variety of aggressor agents,
show a strong cytoprotective effect [2], favor the maintenance of
cell integrity and structure and may promote cell survival during
periods of stress. They may repair damaged proteins or facilitate
their degradation when the damage is irreversible [1,3]. Heat
shock proteins may be grouped into families that are classified
according to their molecular weight, such as HSP90, HSP70,
HSP60 and HSP25 [1]. The process of HSPs synthesis involves
heat shock factor (HSF1), which is phosphorylated and upon
reaching the nucleus, binds to the gene promoter that synthesizes
these proteins.
The increase in HSPs content has been shown to provide
cytoprotection to skeletal muscle against stress from exercise and
some forms of muscle damage [4,5] and it is believed that the
development of new strategies and procedures that may increase
the expression of HSPs would be of practical relevance [6].
Whey protein (WP) represents approximately 20% of the
proteins present in bovine milk and has been recognised for its
high nutritive value, high digestibility and fast absorption. In
particular, whey protein hydrolysate (WPH), has shown several
important features, such as protective effect against oxidative
stress, demonstrating its antioxidant capacity [7], reduction of
muscle damage markers in humans [8], increased glycogen and
GLUT4 translocation [9], and an anti-stress effect [10,11].
We have recently shown, for the first time, that the intake of
whey protein hydrolysate (WPH) increases the exercise-induced
HSP70 expression in several tissues [10]. The aim of the present
study was to investigate whether WPH intake also influences the
expression of other HSPs and their pathway, as well as parameters




Forty-eight male Wistar rats (specific-pathogen free) from the
Multidisciplinary Center for Biological Research (University of
Campinas, SP, Brazil) were maintained under controlled condi-
tions (temperature: 22uC, humidity 55%, reverse 12-hour light/
dark cycle) in individual growth cages with access to commercial
feed (Labina, Purina, Brazil) and water ad libitum, until they
reached 150 g of body mass. The Ethics Committee on Animal
Experimentation of the University of Campinas approved all
experimental procedures (CEEA-UNICAMP, protocol 2297-1).
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Experimental diets and procedures
The diets were based on the AIN93-G diet [12], except that the
protein content was 12% [10] and whey protein (WP), whey
protein hydrolysate (WPH) or casein (CAS, control) was the only
protein source used. Table 1 shows the diet formulation and the
amino acid profile of the protein sources. When the animals
reached 150 g (65.2) of body mass, they were randomly assigned
to six groups (n = 8), corresponding to the three diets (CAS, WP
and WPH) and two exercise regimes: Sedentary (unstress) and
exercised (stressed). The diets were consumed for 3 weeks.
Exercise protocol
The animals in the exercised groups were subjected to five
exercise sessions on a treadmill at the speed of 22 m/min for
30 minutes in the last week of treatment (last five days). Exercise
on a treadmill is known to be an effective way to promote HSP
response and has been adopted by researchers for this purpose
[10,13]. After the last exercise session, the rats were allowed to
recover for 6 hours for maximal HSP expression, and were then
killed by decapitation [14].
Western blotting
The gastrocnemius sample (200 mg) was homogenized in 5
volumes of buffer (200 mM EDTA (Sigma 03685), pH 7.0, 1M
Tris Base (Bio-Rad #161-0719), pH 7.5, 10 mM orthovanadate
(Sigma S6508), 2 mM phenylmethanesulfonyl fluoride (Sigma
P7626), 10 mM sodium pyrophosphate (Sigma 221368), 0.1 mg/
mL aprotinin (Sigma 10820), 100 mM sodium fluoride (Sigma
71519), Triton 10% (Sigma #019K0151), ultrapure water) using
Polytron (Pro Scientific model Pro 200) and centrifuged (Sigma,
model 2K15, number serial 57707, Germany) at 14,000 g for
40 minutes at 4uC and the supernatant was collected. The total
protein content was determined in the supernatant using the
Lowry method [15]. The samples were treated with Laemmli
buffer containing dithiothreitol (DTT) (Bio-Rad #161-0611).
After heating samples at 95uC for 5 min, the proteins were
subjected to SDS-PAGE (8%) and transferred using a semi-dry
system (Bio-Rad, CA, USA) to a nitrocellulose membrane of
0.22 mM (Bio-Rad, cat. 162-0112). A molecular weight standard
was used and run concurrently on each gel for accurate
determination of the proper molecular weight for each antibody
(Thermo Scientific, #26634). The nitrocellulose membranes were
treated with blocking buffer (3% nonfat dried milk or albumin,
10 mmol/L Tris Base (Bio-Rad #161-0719), 150 mmol/L NaCl
(Sigma 71379), and 0.02% Tween 20 (Sigma P1379).
The membranes were incubated with the appropriate primary
antibodies overnight to assess the protein level of: HSP90
(Stressgen, Victoria, BC, Canada; Ref. ADI-SPA 831 diluted
1:3000, MW90 kDa), HSP60 (Stressgen, Victoria, BC, Canada;
Ref. ADI-SPA 806 diluted 1:2000, MW60 kDa), HSP25
(Stressgen, Victoria, BC, Canada; Ref. ADI-SPA 801 diluted
1:2000, MW25 kDa), Aha1 (Abcam, Cambridge, Ref. ab83036
diluted 1:2000, MW38 kDa), SOD (Abcam, Cambridge, Ref.
ab51254 diluted 1:10.000, MW18 kDa), Catalase (Santa Cruz,
CA, USA, Ref. sc271803 diluted 1:1000, MW55 kDa), GPx
(Abcam, Cambridge, Ref. ab22604 diluted 1:2000 MW22 kDa), p-
HSF1 phosphorylated in serine 230 (Santa Cruz, CA, USA, Ref.
sc30443 diluted 1:1000, MW90 kDa), HSF (Stressgen, Victoria,
BC, Canda; Ref. SPA 950 diluted 1:500), GFAT (Santa Cruz, CA,
USA, Ref. sc134894 diluted 1:1000, MW77 kDa), OGT (Abcam,
Cambridge, Ref. ab59135 diluted 1:1000, MW110 kDa), GAPDH
(Stressgen, Victoria, BC, Canada, Ref. ADI 905734 diluted
1:1000), VEGF (Abcam, Cambridge, Ref. ab46154 diluted
1:2000, MW43 kDa), BCKDH (Abcam, Cambridge, Ref.
ab59747 diluted 1:2000, MW46 kDa), p-AKT phosphorylated in
serine 473 (Santa Cruz, CA, USA, Ref. sc7985-R diluted 1:1000,
MW56 kDa), AKT (Santa Cruz, CA, USA, Ref. sc8312 diluted
1:1000, MW56 kDa), PI 3-Kinase (p85), N-SH2 domain (catalog
number #06-496, Upstate Biotechnology NY, USA diluted
1:1000) and PGC (Abcam, Cambridge, Ref. ab72230 diluted
1:1000, MW110 kDa). The appropriate secondary antibodies were
used for detection. The bands were visualized using a UVITEC
Cambridge instrument (model Alliance LD2). The blots were
quantified using the digital program UVITEC.
Determination of amino acids of the protein sources and
muscle samples
The protein sources (dry basis) were hydrolysed at 110uC in 6 M
HCl (Merck 1003171000) for 24 hours. The hydrolysed samples
were then diluted in deionized water, a-aminobutyric (Sigma
162663) acid was added as the internal standard, and the amino
Table 1. Formulation of the diets (g/kg of diet) and amino
acid profile of the protein sources.
Item CAS WP WPH
Diet Composition
Corn Starch 437.92 427.31 425.00
Dextrinised starch 145.42 141.90 141.13
Sucrose 110.16 107.50 106.92
WPH ------- ------- 156.41
WP ------- 152.77 -------
CAS 135.96 ------- -------
Vegetable oil 70.00 70.00 70.00
Fiber (cellulose) 50.00 50.00 50.00
Mineral mixture 35.00 35.00 35.00
Vitamin mixture 10.00 10.00 10.00
L-Cystine 3.00 3.00 3.00
Choline bitartrate 2.50 2.50 2.50
Tert-butylhydroquinone 0.014 0.014 0.014
Amino acid profile
Aspartate 5.96 11.52 11.16
Glutamate 19.00 18.82 17.99
Serine 4.68 5.31 5.04
Glycine 1.39 1.74 1.75
Histidine 2.12 1.31 1.27
Arginine 3.03 2.66 2.31
Threonine 3.56 7.64 7.40
Alanine 2.30 5.11 4.89
Proline 8.85 5.89 5.68
Tyrosine 4.57 2.88 2.78
Methionine 2.32 2.51 2.52
Cystine 0.16 1.48 1.60
Isoleucine 4.51 6.88 6.97
Leucine 7.62 10.14 10.15
Valine 5.36 5.68 5.81
Phenylalanine 3.89 2.86 2.78
Lysine 6.62 9.20 9.48
doi:10.1371/journal.pone.0083437.t001
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acids were derivatized with phenylisothiocyanate (Sigma P1034).
The gastrocnemius free amino acids were extracted with 80/20
(v/v) methanol and HCL 0.1 M prior to derivatization. For
neutral amino acids and basic amino acid was used standard from
Sigma (A6407; A6282 respectively). The PTH-derivatives were
chromatographed using a Luna C-18, 100 A˚; 5 mm, 25064.6 mm
(00G-4252-EQ) column at 50uC, detected at 254 nm [16]. The
retention times were (min): aspartate 3.04, glutamate 3.37,
hydroxyproline 4.62, asparagine 5.90, serine 6.21, glutamine
6.65, glycine 6.86, histidine 8.0, taurine 9.32, arginine 9.81,
threonine 10.87, alanine 11.70, proline 13.39, tyrosine 32.56,
valine 37.18, methionine 40.51, cysteine 47.67, isoleucine 49.17,
leucine 49.89, phenylalanine 56.08, tryptophan 59.0, lysine 61.08.
Blood sample collection
Blood samples were collected at sacrifice and centrifuged at
30006g (4uC, 15 min) to obtain the serum. Analyses of serum for
uric acid, creatine kinase (CK), lactate dehydrogenase (LDH),
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), total protein, albumin, creatinine and urea were carried
out using a clinical kits (Laborlab, Sa˜o Paulo, Brazil) with
spectrophotometric determination (Beckman-Coulter DU640,
CA, USA). Glucose in the blood was measured using an Accu-
Chek Active glucometer (Roche Diagnostics, Mannheim, Ger-
many).
Data analysis
The data were analyzed by ANOVA, followed by the Duncan
post-hoc test, using SPSS (Statistical Package for the Social
Sciences, Chicago, United States) software version 17.0. The level
for significance was set to p,0.05.
Results
HSP90, HSP60, HSP25, Aha1 and p-HSF1
Whey protein hydrolysate (WPH) intake promoted an increase
in HSP90 expression in sedentary and exercised animals,
compared to WP and CAS. No effect due diet or exercise was
observed on HSP60 or HSP25 expression, as illustrated in Figure 1
(A, B, C), respectively and Figure 2.
Co-chaperone activator of heat shock protein ATPase (Aha1)
expression followed the elevation found in HSP90 promoted by
WPH intake when compared to casein (control) or whey protein
(WP) in exercised animals (Figure 1 – D). Figure 1 (E) shows that
there was increase in phosphorylated heat shock factor (p-HSF1)
expression, leading to HSF1 activation, caused by WPH intake in
exercised animals.
VEGF, p-AKT, PI3-Kinase and BCKDH
Vascular endothelial growth factor (VEGF) increased in
exercised animals that consumed WPH and WP compared to
CAS. No difference was observed between the diets in sedentary
animals, as shown in Figure 1 (F). The data show that WPH intake
in the exercised group increased phosphorylated protein kinase B
(p-AKT) expression when compared to casein and whey protein;
however, no alteration was observed in the sedentary group for the
different protein sources (Figure 1 G). No effect of diet or exercise
was observed on phosphatidyl inositol kinase (PI3-kinase/p85) or
branched-chain a-keto acid dehydrogenase (BCKDH) (Figure 1H
and 1I respectively).
OGT and GFAT - Hexosamine biosynthetic pathway
O-b-acetylglucosaminyltransferase (OGT) and glutamine fruc-
tose-6-amidotransferase (GFAT), key proteins of the hexosamine
biosynthetic pathway were not affected by the different protein
sources or exercise, as illustrated in Figure 1 (J, K), respectively
and Figure 2.
GPx, SOD and catalase – Antioxidant system
There was no difference in the expression of glutathione
peroxidase (GPx), according to Figure 1 (L). Catalase showed a
progressive reduction from sedentary animals to exercised animals
(Figure 1 M). Superoxide dismutase (SOD) was reduced in
sedentary animals that consumed WPH in comparison with WP
and CAS. However, there was no difference between the protein
sources in the exercised group (Figure 1 N). Diet and exercise had
no effect on peroxisome proliferator-activated receptor-c coacti-
vator (PGC 1a) (Figure 1 O and Figure 3).
Dietary intake and weight parameters
Table 2 shows that the consumption of the different protein
sources did not affect daily food consumption and did not differ in
their effects on weight gain, protein efficiency ratio (PER) or food
efficiency coefficient (FEC). Furthermore, none of the protein
sources altered organ weight, which remained normal.
Blood analysis
The consumption of the different protein sources by the
sedentary or the exercised group did not alter kidney, liver or
muscle damage parameters, as illustrated in Figure 3 (E–J). With
regard to albumin and total serum protein parameters (Figure 3 A,
B), there was increase in the animals that received WP and WPH
diets in either both sedentary and the exercised groups, compared
to the casein diet. Uric acid was not affected by the protein source
in the sedentary group. However, in the exercised group, WPH
increased uric acid in comparison with casein. Exercise also
increased the uric acid concentration, but only in the animals that
consumed WP and WPH (Figure 3 C). Glucose was lower in the
sedentary animals in the WPH group in comparison with casein
(Figure 3 D).
Muscle free amino acid profile
Previous work suggests the involvement of plasma free branched
chain amino acids (BCAAs) in the enhancement of HSP70 [10] it
was desirable to verify if there would be a similar effect in muscle.
There was a significant difference in all free amino acids in the
muscle (Table 3), with the exception of serine, histidine,
methionine and phenylalanine. The intake of WP associated with
exercise resulted in increased concentrations of valine. Isoleucine
showed a different behavior, such that WPH intake increased its
concentration in both the sedentary and exercised groups when
compared to other protein sources (casein and WP). Exercise also
increased isoleucine in all dietary groups. WPH increased leucine
in the sedentary group, whereas in the exercised group both WP
and WPH increased leucine. The sum of BCAAs (isoleucine,
valine and leucine) for the different protein sources is illustrated in
the Figure 1 (P).
Discussion
We have recently reported that whey protein hydrolysate intake
increases HSP70 expression in different rat tissues [10]. The aim
of the present study was to investigate whether the intake of the
same dietary proteins (whey protein concentrate and hydrolysate
as well as casein) as a protein source in the diet influences the
expression of other HSPs such as HSP90, HSP60 and HSP25 and
parameters related to the HSP system.
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WPH intake increased HSP90 expression in the skeletal muscle
of rats in both the sedentary and exercised groups. HSP90 is a
chaperone protein essential to the viability of eukaryotic cells and
is abundantly expressed, representing about 1–2% of cell proteins
even in unstressed cells [17,18], while its concentration may
increase in response to stressful situations [17]. This is consistent
with our results for sedentary (unstressed cells) and exercised
(stressed cells) groups. HSP90 is involved in preventing protein
aggregation [18] in the folding process, in the maintenance of cell
protein integrity and stabilization and activation of at least 200
signaling proteins [19].
According to the literature, increased HSP90 expression has a
cytoprotective effect [4], promotes skeletal muscle protection in
exercised animals [20], increases cell resistance [18], and protects
against the accumulation of reactive oxygen species, thus reducing
cytotoxicity [21]. Our results indicate that WPH intake favors the
defense system represented by HSP90. However, no effect on
HSPs was observed in the animals fed unhydrolyzed whey protein
Figure 1. Exercised groups were subjected to five sessions on a treadmill at the speed of 22 m/min for 30 minutes during the last
week of the diet treatment. The data were obtained from gastrocnemius collected 6 hours after the last exercise session (n = 8 per group). The
dietary proteins were consumed for 3 weeks. Mean and standard error for the Western blot analysis of: HSP90 (A), HSP60 (B), HSP25 (C), Aha1 (D), p-
HSF1 (E), VEGF (F), p-AKT (G), PI3 Kinase (p85) (H), BCKDH (I), OGT (J), GFAT (K), GPx (L), Catalase (M), SOD (N), PGC (O), Sum of BCAAs (P). Protein
sources: whey protein (WP), whey protein hydrolysate (WPH), Casein (CAS) control. Six groups: Sedentary CAS (control), Sedentary WP, Sedentary
WPH, Exercised CAS, Exercised WP and Exercised WPH. All values were compared and related to CAS sedentary (protein source control) and reported
as %CAS value. Different letters represent significant differences.
doi:10.1371/journal.pone.0083437.g001
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(WP), so this cannot be attributed to the speed of absorption,
because this is the same (fast absorption) between the hydrolyzed
and non-hydrolyzed forms of whey protein. It is possible that the
hydrolyzed form contained bioactive peptides with the ability to
enhance HSP expression.
Together with the increase in HSP90, WPH intake also
promoted increased expression of its co-chaperone Aha1, which
is known for accelerating conformational transitions and increas-
ing the ATPase activity of HSP90 [22], thus facilitating the
interaction between ATP and the N-terminal domain of HSP90,
which is ATP-dependent [2]. Aha1 may also be regulated by
stress, together with HSP90, and it is believed that Aha1 is
involved in folding processes mediated by HSP90 [23].
Another significant result of this study was the increase in
vascular endothelial growth factor (VEGF) expression promoted
by WPH and WP intake associated with exercise. VEGF plays an
important role in angiogenesis, which may favor the supply of
oxygen and substrates in tissues. Furthermore, under stress
conditions, VEGF may promote cell survival by activating the
phosphatidyl inositol kinase (PI3-kinase-p85) and phosphorylating
protein kinase B (AKT). Akt is involved in anti-apoptotic signaling
and is capable of promoting survival [24]. In the present study, no
Figure 2. Exercised groups were subjected to five sessions on a treadmill at the speed of 22 m/min for 30 minutes during the last
week of the diet treatment. The data were obtained from gastrocnemius collected 6 hours after the last exercise session (n = 8 per group). The
dietary proteins were consumed for 3 weeks. Mean and standard error for the blood analysis of: Albumin (A), total protein (B), uric acid (C), glucose
(D), LDH (E), CK (F), AST (G), ALT (H), urea (I), creatinine (J). Protein sources: whey protein (WP), whey protein hydrolysate (WPH), Casein (CAS) control.
Six groups: Sedentary CAS (control), Sedentary WP, Sedentary WPH, Exercised CAS, Exercised WP and Exercised WPH. All values were compared and
related to CAS sedentary (protein source control) and reported as %CAS value. Different letters represent significant differences.
doi:10.1371/journal.pone.0083437.g002
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effect was found on PI3-kinase (p85); however, WPH intake in
exercised animals increased Akt phosphorylation.
There were no alterations in HSP60 expression which,
according to the literature, increases slightly in stressful situations
[2], the same was true for HSP25. For other kinds of stress, the
HSP60 seems to be more responsive, such as in Alzheimer’s
disease [25].
HSP expression may be muscle fiber type specific. In the present
study, we performed the analysis in the gastrocnemius muscle,
which is a tissue with mixed fibers. Folkesson et al. [26] showed
that the type of fiber (slow or fast) does not change the HSP60
expression. While HSP70 expression showed higher staining
intensity in type I fibers compared to type II fibers. Hsp25
showed higher intensity in type II fibers compared to type I fibers.
Milne and Noble [27] show that the soleus muscle (slow fibers) is
more stress responsive compared to fast muscle fibers and that this
response is dependent on the intensity of the exercise.
Heat shock factor (HSF1) plays an important role in the
transcription process of HSPs because it is rapidly activated and is
present in most eukaryotes in several types of stress. Under stress
conditions, HSF1 assumes an active trimeric state, which allows it
to reach the nucleus where it is phosphorylated and binds to the
Figure 3. Representative blots of independent experiments are shown. GAPDH or a tubulin is also shown as loading control.
doi:10.1371/journal.pone.0083437.g003
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Table 2. Dietary intake and organs weight parameters.
Sedentary Exercised
CAS WP WPH CAS WP WPH
Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Diet intake/day 23.40 0.76 22.70 0.49 24.89 0.63 24.9 1.12 22.83 1.08 23.45 0.90
Protein intake 53.42 4.21 56.13 6.30 58.63 4.00 63.79 7.02 54.14 5.10 56.82 3.36
PER1 4.21 0.09 4.08 0.07 4.17 0.07 3.80 0.04 4.21 0.06 4.16 0.07
Weight start 62.42 3.30 56.30 3.34 56.18 3.38 58.67 2.57 56.77 2.52 59.88 3.12
Body mass gain 224.95 9.14 229.35 8.18 244.83 5.16 242.94 8.93 228.37 6.81 236.47 5.99
FEC2 0.50 0.01 0.49 0.01 0.50 0.02 0.46 0.03 0.50 0.01 0.49 0.01
Heart * 0.36 0.01 0.36 0.01 0.34 0.01 0.35 0.01 0.37 0.02 0.37 0.01
Lung * 0.51 0.01 0.51 0.01 0.52 0.01 0.53 0.01 0.56 0.02 0.5 0.01
Spleen * 0.25 0.01 0.29 0.01 0.25 0.01 0.29 0.01 0.29 0.01 0.28 0.01
Kidney * 0.35 0.01 0.36 0.01 0.35 0.01 0.35 0.01 0.37 0.01 0.39 0.01
Gastrocnemius * 0.52 0.01 0.52 0.02 0.50 0.02 0.53 0.01 0.55 0.01 0.53 0.01
Soleus * 0.03 0.002 0.03 0.001 0.03 0.002 0.03 0.003 0.03 0.001 0.03 0.001
1Protein efficiency ratio;
2Food efficiency coefficient.
Diets: CAS – Casein (control), WP – Whey protein, WPH – Whey protein hydrolysate.
*tissue weight related to body weight (100 g).
doi:10.1371/journal.pone.0083437.t002
Table 3. Mean muscle free amino acid profile (mmol/kg).
Sedentary Exercised
Amino acid CAS WP WPH CAS WP WPH
Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Aspartic acid 532.42c 42.76 1524.03a 1077.65 906.90b 325.00 375.42c 17.13 646.02bc 269.61 441.08c 42.93
Glutamate 2624.71c 480.19 4256.60ab 126.96 4035.48ab 1549.37 2576.68c 99.54 4681.69a 699.52 3225.35bc 397.79
Hydroxyproline 158.64bc 46.98 249.64a 176.52 149.35bc 27.47 122.15bc 7.06 173.05b 1.74 94.78c 15.93
Asparagine 857.15ab 199.66 944.32a 87.34 874.02ab 170.18 664.58bc 9.20 919.84a 75.23 615.50c 90.54
Serine 2183.06 449.53 2117.05 234.78 1973.73 359.99 1817.59 115.28 2119.35 293.29 1672.45 60.15
Glutamine 8446.66bc 1522.09 10223.21b 172.63 9073.03bc 2046.33 7139.44c 99.72 12936.53a 461.69 7892.17c 557.05
Glycine 708.24b 63.25 869.51a 74.03 760.64ab 75.47 514.64c 24.37 744.21ab 89.08 525.45c 70.31
Histidine 281.92 79.71 200.30 8.20 262.83 58.63 218.94 29.43 198.35 109.05 160.98 25.15
Arginine 11988.93c 1922.66 15603.53b 11033.36 18411.99a 142.16 9607.97d 467.83 16896.30ab 1505.50 11950.89c 343.63
Taurine 3240.83c 407.41 4304.41b 134.75 5073.11a 8.47 2477.55d 19.39 4595.29ab 758.24 3345.59c 123.78
Threonine 2419.16cd 597.10 2976.74abc 184.50 3338.21ab 729.38 1993.04d 157.46 3674.79a 548.61 2564.9bcd 164.88
Alanine 978.16cd 404.07 1663.98a 11.00 1359.05ab 255.30 664.92d 12.88 1515.24a 83.34 1124.42bc 80.10
Proline 1035.64a 151.87 808.23b 16.14 908.52ab 21.87 939.99ab 49.42 811.20b 33.05 881.92b 30.33
Tyrosine 87.44a 22.40 54.24b 3.18 46.25b 5.01 88.71a 8.73 66.09b 8.10 49.72b 2.15
Valine 218.63b 40.14 175.23b 6.97 218.51ab 20.52 204.93b 35.65 258.97a 1.44 213.93ab 34.91
Methionine 98.62 26.08 89.65 10.62 95.19 7.63 78.25 6.73 99.97 18.88 94.95 1.48
Cystine 8.80c 1.00 12.30b 8.69 18.90b 0.26 48.73a 20.20 31.49ab 21.36 17.85b 0.68
Isoleucine 50.07c 6.79 48.18c 10.06 95.80b 9.05 93.46b 44.92 97.64b 7.18 141.36a 34.81
Leucine 138.45b 6.48 131.97b 2.95 220.82a 25.09 139.75b 21.76 209.07a 18.98 199.73a 4.76
Phenylalanine 63.79 3.32 41.89 26.43 67.32 15.35 59.02 1.42 55.63 3.89 67.90 12.27
Tryptophan 19.66c 3.63 39.06ab 3.06 33.76b 10.36 11.63c 3.61 47.58a 6.18 34.65b 10.20
Lysine 895.09ab 263.05 1159.80a 192.02 1197.71a 370.21 558.00b 67.22 897.17ab 136.76 979.09ab 233.35
doi:10.1371/journal.pone.0083437.t003
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gene promoter, initiating HSP synthesis [1,3,18]. There are other
HSFs such as HSF2 and HSF3, however the function and capacity
of HSF1 in HSP synthesis cannot be compensated for by other
heat shock factors [28]. WPH promoted an increase in HSF1
phosphorylation in exercised animals, consistent with increased
HSP90 expression.
It is known that the amino acid glutamine is capable of
increasing the expression of different HSPs; however, the
mechanism remains to be elucidated. In vitro studies have suggested
that the key proteins GFAT and OGT from the hexosamine
biosynthetic pathway could be involved [29]. We probed these
proteins in vivo, investigating whether whey protein intake could
also show some involvement on the hexosamine biosynthetic
pathway, but no alterations were observed.
The antioxidant capacity of whey protein has already been
described by others [7,30]. In our experiment, exercise reduced
catalase expression in the gastrocnemius muscle when compared
to the sedentary group. These results are consistent with other
reports [31,32]. In contrast, some studies have demonstrated an
increase in catalase in skeletal muscle after exercise [33,34]. In
human skeletal muscle, catalase levels measured on a daily basis
from pre-exercise up to the sixth day after exercise (time course)
did not show any tendency or linearity [5]. This controversial
result was also found for SOD [32,35,36]. A time-course study
showed that there was a significant reduction in SOD levels in
skeletal muscle after the third day that continued to decline up to
the sixth day after exercise [5]. In our study, GPx did not differ
between groups, although a reduction in GPx levels after exercise
has already been reported [37]. These results indicate that
antioxidant enzymes in skeletal muscle may be modulated
independently and differentially influenced by diet and exercise.
A possible role of BCAAs in the capacity of WPH to increase
HSP70 expression was recently suggested [10]. In that study [10],
we observed that the concentrations of free amino acids (isoleucine
and leucine) in the plasma were increased in sedentary animals
consuming a WPH diet compared to either casein or whey
protein. The same finding was observed in the present study, but
for muscle free amino acids. Despite the greater availability of
BCAAs in the present study, there was no change in branched-
chain a-keto acid dehydrogenase (BCKDH), which is responsible
for BCAA catabolism in skeletal muscle [38].
The consumption of the different protein sources used in the
present study did not alter liver and kidney blood parameters.
Regarding uric acid, which is considered the most abundant and
powerful serum antioxidant [39], our results indicate that the
protein source may affect the antioxidant protection of uric acid
caused by exercise. Whey proteins have been reported to preserve
the levels of serum albumin and total proteins in sedentary
animals, as well as during exercise [10,40], consistent with our
results.
In conclusion, the data obtained in the present study indicate
that intake of whey protein hydrolysate enhanced factors related to
cell survival, such as HSP90 and VEGF expression in the skeletal
muscle of rats when compared to other dietary protein sources
(WP and casein). There was no alteration in HSP60 or HSP25
expression caused by diet or exercise.
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Whey protein hydrolysate (WPH) intake has shown to enhance heat shock proteins (HSPs). The presence of
bioactive peptides has been suggested to affect the capacity of WPH to induce a HSP response. HSPs are re-
sponsible for maintaining normal cellular function and protecting cells from the damage induced by various
stressors, including exercise. Bioactive peptides have been considered as food components that could be
biofunctionality, however, studies focusing on potential bioactive peptides from WPH are still limited.
The purpose of this study was to determine which WPH peptides could modulate the HSP response and
other WPH abilities. Fifty-six male Wistar rats were divided into seven groups (n = 8): control, vehicle,
Isoleucyl-leucine (lle-Leu), Leucyl-isoleucine (Leu-lle), Valyl-leucine (Val-Leu), Leucyl-valine (Leu-Val)
and WPH. Each animal received 3 mmol/kg dose of peptide or WPH dissolved in water by oral gavage. Except
for the control group, all groups were subjected to acute exercise for homeostasis alteration. Treadmill exercise
has been established as a stimulus for anHSP response. The Leu-Val peptide increased theHSP70 andHSP25muscle
expression and restored the dihydrofolate reductase (DHFR) expression. lle-Leu increased the muscle and serum
HSP70 levels, but did not change the HSP25. Leu-Val increased and restored the expression of antioxidant system
components. All peptides enhanced the lipase expression and reduced the cholesterol and triacylglycerol levels.
These results indicated that the Leu-Val peptide is most likely involved in the WPH-induced stimulation of the
HSP upregulation and antioxidant response, including the protective mechanism (DHFR) associated with the
HSP70 effect. Additionally, the lle-Leu could also contribute to the WPH effect.









Heat shock proteins (HSPs) are proteins named according to molec-
ular mass, and HSPs are responsible for maintaining normal cellular
function and protecting cells from the damage induced by various
stressors (Silverstein et al., 2014). HSPs participate in the restoration
and/or stabilization of damaged proteins (Cumming, Paulsen,
Wernbom,Ugelstad, & Raastad, 2014) thus stimulating higher cell resis-
tance, tolerance and survival (Santoro, 2000). In skeletal muscle, HSPs
are involved in the prevention of protein degradation and aggregation,
the removal and stabilization of misfolded non-functional muscle pro-
teins, the facilitation of correct folding, the maintenance of muscle
integrity (Brinkmeier & Ohlendieck, 2014) and the stimulation of
normal muscle function (Huey, Hilliard, & Hunt, 2013).
Current evidence suggests that the discovery of new HSP inducers
could improve several health parameters (Silverstein et al., 2014),
including muscle function (Brinkmeier & Ohlendieck, 2014; Huey
et al., 2013; Silverstein et al., 2014). Previous studies showed that
dietary proteins and supplementationwith certain amino acids may in-
fluence the HSP response (De Moura, Lollo, Morato, Carneiro, &
Amaya-Farfan, 2013; Moura et al., 2014;Wischmeyer, 2002). We previ-
ously reported that the consumption of whey protein hydrolysate
(WPH) enhances exercise-induced HSP expression (De Moura et al.,
2013; Moura et al., 2014).
Whey protein represents approximately 20% of the proteins of bo-
vine milk, which is believed to stimulate muscular hypertrophy. More-
over, it has been reported that the consumption of whey protein
hydrolysate (WPH) is associated with other health effects, such as an
increase in the translocation of GLUT-4 (Morato et al., 2013), an im-
provement in satiety signals (Luhovyy, Akhavan, & Anderson, 2007)
and an increase in glycogen content (Morifuji, Sakai, Sanbongi, &
Sugiura, 2005). Several molecular effects caused by the consumption
of WPH have been connected to the presence of bioactive peptides
(Ichinoseki-Sekine, Kakigi, Miura, & Naito, 2014; Luhovyy et al., 2007),
including the possible role of branched-chain amino acids (BCAAs)
and peptides in the HSP response (De Moura et al., 2013; Moura et al.,
2014). The presence of BCAA-containing peptides in WPH has been
reported (Morifuji, Koga, Kawanaka, & Higuchi, 2009). Bioactive pep-
tides have been considered as food component that could be
biofunctionality. However, studies focusing on potential bioactive pep-
tides fromWPH are still limited.
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We tested the hypothesis that one or more BCAA-containing pep-
tides presents in the WPH could be involved in the WPH-induced HSP
response. Thus, the purpose of the present study was to investigate
the effect of four potential bioactive BCAA-containing dipeptides on
the HSP expression, antioxidant system and complementary parame-
ters. This is an innovative study that shows new effects of milk-
bioactive peptides in various biological responses.
2. Materials and methods
2.1. Ethics approval and animals
Animal manipulations were performed according to the guidelines
of the Ethics Committee on the use of animals of the University of
Campinas that approved all experimental protocols (CEUA-UNICAMP,
protocol 2845-1). Fifty-six male Wistar rats (21 days old, specific-
pathogen free) from theMultidisciplinary Center for Biological Research
(University of Campinas, SP, Brazil) were remained in individual cages
with access to chow (Labina, Purina, Brazil) and water ad libitum.
Table 1 shows composition and amino acid profile of the chow. Animals
weremaintained under controlled conditions (55% humidity, 22± 1 °C,
inverted 12-hour light/dark cycle).
2.2. Experimental procedures and design
After growth, animals (280 ± 11.33 g body weight) were random-
ized and divided into seven groups (n = 8 per group): Control (rest,
without gavage), Vehicle (water), Isoleucyl-leucine (lle-Leu), Leucyl-
isoleucine (Leu-lle), Valyl-leucine (Val-Leu), Leucyl-valine (Leu-Val)
andwhey protein hydrolysate (WPH). The presence of these dipeptides
in WPH has been reported (Morifuji et al., 2009). All the groups, except
for the control, were subjected to a single exercise bout on a treadmill
without inclination at a speed of 18 m/min for 60 min (Milne & Noble,
2002). Treadmill exercise has been established as a stimulus for an
HSP response (De Moura et al., 2013; Huey & Meador, 2008; Moura
et al., 2014; Salo, Donovan, & Davies, 1991). The speed of 18 m/min is
known to already influence HSPs in the soleus muscle (Milne & Noble,
2002). Immediately after exercising, the animals were gavaged with
the respective peptides, WPH or water (vehicle) and were then
sacrificed 3 h after the gavage.
2.3. Preparation of the oral solutions
Each animal received only one 3mmol (0.75 g/kg) dose of peptide or
WPH dissolved in water by oral gavage. All peptides (purity N 99.6%)
were acquired from BioBasic (Markham, Ontario, Canada), and the
WPH was obtained from Hilmar Ingredients (Hilmar, CA, USA).
2.4. Western blotting analysis
Soleus muscle sample was removed from the animals and immedi-
ately frozen in liquid nitrogen for subsequent analysis. Themuscle sam-
ples were homogenized in antiprotease buffer as previously described
(Moura et al., 2014). The protein concentration of the muscle homoge-
natewas analyzed using the Lowrymethod (Lowry, Rosebrough, Farr, &
Randall, 1951). An equal amount of protein was loaded and separated
by SDS-PAGE (8%) and then transferred to nitrocellulose membrane
(Santa Cruz, 0.22 μm pore size) using a semi-dry system (Bio-Rad, CA,
USA). The blots were incubated overnight at 4 °C with the appropriate
antibodies to assess the protein level of the following: HSP70 (Enzo
Life Sciences, Farmingdale, NY, USA; Ref. ADI-SPA 810 diluted 1:3000),
HSP25 (Enzo Life Sciences, Farmingdale, NY, USA; Ref. ADI-SPA 801 di-
luted 1:2000), DHFR (Abcam, Cambridge, Ref. ab124814 diluted
1:2000) SOD (Abcam, Cambridge, Ref. ab51254 diluted 1:10.000), cata-
lase (Santa Cruz, CA, USA, Ref. sc271803 diluted 1:1000), NOS (Abcam,
Cambridge, Ref. ab15203), GPx (Abcam, Cambridge, Ref. ab22604 dilut-
ed 1:2000), GAPDH (Enzo Life Sciences, Farmingdale, NY, USA, Ref. ADI
905734 diluted 1:1000), VEGF (Abcam, Cambridge, Ref. ab46154 dilut-
ed 1:2000), lipase (Abcam, Cambridge, Ref. ab109251 diluted 1:2000)
and PGC (Abcam, Cambridge, Ref. ab72230 diluted 1:1000). The appro-
priate secondary antibodies (Abcam, Cambridge mouse ab6789 and
rabbit ab6721) were used for detection. The blots were visualized
using a UVITEC Alliance LD2 instrument (Cambridge, UK) and quanti-
fied with the program Image J.
2.5. Determination of free amino acid profile in plasma andmuscle samples
Blood samples were collected with heparin anticoagulant and cen-
trifuged at 3000 ×g (4 °C, 15 min) to obtain plasma and stored at
−20 °C. The soleus muscle was dissected and immediately frozen and
stored in liquid nitrogen until analysis. The free amino acids from
skeletal muscle soleus and plasma (100 mg) were extracted with a so-
lution composed of methanol (≥99.9% for HPLC) and hydrochloric acid
(0.1 M) at the rate of 80/20 (v/v) and then derivatized with
phenylisothiocyanate. The derivatized samples were resuspended in
anhydrous dibasic sodium phosphate buffer (5 mM, pH 7.4) and
chromatographed using a Luna C-18, 100 Ǻ; 3 μm, 250 × 4.6 mm
(00G-4251-E0) column at 46 °C, detected at 254 nm (White, Hart, &
Fry, 1986).
2.6. Biochemical analysis
Blood samples were collected and centrifuged at 3000 ×g (4 °C,
15 min) to obtain the serum. The following serum parameters were
measured using clinical commercial kits (Laborclin, Vargem Grande,
Paraná, Brazil): uric acid, total protein, globulin, triacylglycerol (TG),
cholesterol, high density lipoprotein (HDL), aspartate aminotransferase
(AST) and alanine aminotransferase (ALT). The serumglucose and albu-
min levels were also measured (Labtest, Lagoa Santa, Minas Gerais,
Brazil). The total thiol content was analyzed using a 5,5 ‘dithiobis (2-
nitrobenzoic acid) (DTNB) assay. Plasma samples (10 μL) were treated
with 200 μL DTNB (0.5 mM diluted in 100 mM phosphate buffer,
pH 7.4) and incubated for 30 min at room temperature in the dark.
The reaction was measured at 412 nm. Glutathione solution (0.5 mM)
was diluted in phosphate buffer (100 mM, pH 7.4) to obtain a standard
curve. The results were expressed as mM GSH/mg protein. The serum
HSP70 level was determined using an enzyme immunoassay kit (high
Table 1
Chow composition and amino acid profile.
Composition (%)
Protein 21.88 ± 0.79
Carbohydrate 55.75 ± 0.82
Fat 5.07 ± 0.07
Ash 8.27 ± 0.10
Humidity 9.01 ± 0.06
Amino acid profile (g/100 g of chow)
Aspartate 2.03 ± 0.14
Glutamate 3.82 ± 0.13
Serine 0.98 ± 0.07
Glycine 0.97 ± 0.06
Histidine 0.59 ± 0.17
Arginine 1.62 ± 0.20
Threonine 0.77 ± 0.10
Alanine 1.03 ± 0.07
Proline 1.22 ± 0.01
Tyrosine 0.76 ± 0.05
Valine 1.06 ± 0.10
Methionine 0.45 ± 0.19
Cystine 0.21 ± 0.05
Isoleucine 0.98 ± 0.14
Leucine 1.73 ± 0.04
Phenylalanine 1.10 ± 0.07
Lysine 1.41 ± 0.02
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sensitivity EIA kit, ADI-EKS-715, Enzo Life Sciences, USA), and nitric
oxide was measured using a colorimetric kit (QuantiChrom D2NO-100
Nitric Oxide Assay kit, BioAssay Systems, CA, USA). All kit procedures
were performed according to the manufacturer's protocols. A spectro-
photometric microplate reader (Biotech Epoch, Winooski, VT) was
used to measure all serum parameters.
2.7. Data analysis
All data were expressed as mean and standard error (mean± SEM)
and were analyzed by ANOVA, followed by the Duncan post-hoc test,
using SPSS (Statistical Package for the Social Sciences, Chicago, USA -
software version 17.0). The level accepted for significance was set at
Fig. 1.Mean and standard error (Mean± SEM) for theWestern blot analysis of: HSP70 (A), HSP25 (B), DHFR (C), Catalase (D), SOD (E), GPx (F), VEGF (G), PGC (H), Lipase (I), NOS (J). The
values were normalized using GAPDH (loading control) and expressed as % control. Serum analysis (Mean ± SEM): HSP70 (K), Nitric oxide (L). Different letters represent significant
differences (p b 0.05). Western blot analyses were performed in soleus skeletal muscle. Groups: Control (rest, without gavage), Vehicle (water), Isoleucyl-leucine (lle-Leu), Leucyl-
isoleucine (Leu-lle), Valyl-leucine (Val-Leu), Leucyl-valine (Leu-Val) and whey protein hydrolysate (WPH).
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p b 0.05. All graphs were performed with GraphPad Prism (San Diego,
CA, USA - version 5).
3. Results
3.1. Heat shock proteins
Of theWPH peptides tested, Leu-Val and lle-Leumarkedly increased
the HSP70 muscle expression. Exercise increased the HSP70 expression
compared to control (the resting animals showed the lowest HSP70 ex-
pression), independently of any peptide consumed (Fig. 1A). TheHSP25
muscle expression was increased by the Leu-Val peptide (Fig. 1B),
which also led to higher dihydrofolate reductase (DHFR) expression
(Fig. 1C). The serum HSP70 level was highest in the lle-Leu peptide
group (Fig. 1K).
3.2. Antioxidant enzymes
Leu-Val increased the glutathione peroxidase (GPx) expression
above the control levels (Fig. 1F). The lle-Leu, Leu-lle and Leu-Val
peptides restored the post-exercise superoxide dismutase (SOD)
expression to the control level (Fig. 1E). Regarding catalase, all peptides,
except for Leu-Val and lle-Leu, resulted in levels below the control level
(Fig. 1D). Exercise reduced the SOD andGPx expression; however, exer-
cise did not change the catalase expression from the vehicle (exercised
and gavaged with water) and control (rest, without gavage) level.
3.3. Related parameters
The vascular endothelial growth factor (VEGF) level was elevated in
the Val-Leu and Leu-Val peptide groups (Fig. 1G). The peroxisome
proliferator-activated receptor-γ coactivator (PGC 1α) expression was
higher in all peptide groups, except for the Val-Leu group, than in the
control group (rest) (Fig. 1H). All peptides increased the lipase expres-
sion compared with that in the control group (Fig. 1I). The nitric oxide
synthase (NOS) expression was not influenced by Leu-Val, and this
level remained the same as the control level (Fig. 1J). The nitric oxide
(NO) levels showed no difference between the peptide groups (Fig. 1L).
3.4. Biochemical analysis
General health parameters were assessed (Fig. 2). Leu-lle stimulated
the highest uric acid production relative to that of the other groups (Fig.
2A). The glucose levels were reduced in the lle-Leu and Leu-Val groups
(Fig. 2B). All peptides preserved the serum albumin and total protein
content at control levels (Fig. 2C, D, respectively). Similarly, except for
lle-Leu, all peptides maintained the globulin level at the control level
(Fig. 2E). All peptides suppressed the triacylglycerol (TG) (Fig. 2F) and
cholesterol levels (Fig. 2g); however, there was no difference among
peptides groups. HDL decreased in the Leu-Val group (Fig. 2H). After
exercise, all peptides preserved the thiol content at the control level,
whereas the Val-Leu peptide had a higher thiol content than those of
the lle-Leu and Leu-lle groups (Fig. 2I). Exercise increased the aspartate
aminotransferase (AST) level, regardless of the peptide (Fig. 2 J). Simi-
larly, exercise elevated the levels of alanine aminotransferase (ALT),
except in the lle-Leu group, in which the ALT level did not differ from
the control level (Fig. 2K).
3.5. Free amino acid profile
There were significant differences in all free amino acids, except for
the phenylalanine and histidine levels in the plasma (Table 2) and the
glycine, taurine and phenylalanine levels in the soleus muscle
(Table 3). Considering that leucine was the amino acid present in all
peptides it was noticed that Val-Leu raised the levels of leucine in the
muscle, in comparison with lle-Leu. Exercise caused a sharp reduction
(vehicle group compared with the control-rest group) in the plasma
leucine content. As expected, Val-Leu and Leu-Val groups had the
highest valine concentration in themuscle and plasma. The plasma con-
centration of isoleucine was higher in the lle-Leu and Leu-lle groups,
whereas only the Leu-lle group showed a higher level of isoleucine in
the muscle.
4. Discussion
Recently, the consumption of whey protein hydrolysate (WPH) was
reported to enhance exercise-inducedHSPs expression (DeMoura et al.,
2013;Moura et al., 2014). A probable role of the bioactive peptides pres-
ent inWPHhas been suggested to underlie the capacity ofWPH to stim-
ulate an HSP response (Moura et al., 2014). Therefore, the aim of the
present study was to investigate whether the BCAAs-containing pep-
tides present in WPH could contribute to the enhancement of HSP
expression.
The data of the present study showed that BCAAs-containing
peptides that are known to be present in whey protein hydrolysate
(Morifuji et al., 2009) affect the expression of HSPs. Of the WPH pep-
tides tested, Leu-Val peptide elevated both the HSP25 and HSP70 mus-
cle expression, whereas lle-Leu enhanced only the muscle and plasma
expression of HSP70. These results indicate that the Leu-Val dipeptide
plays an important role and/or is involved in theWPH-induced increase
in the HSP response. Moreover, the lle-Leu peptide may also contribute
to the capacity of WPH to stimulate an HSP response. Additionally, the
Leu-val and lle-Leu peptides apparently affected HSPs in a different
manner. Although the Leu-Val peptide signaled a peripheral tissue effect
on both HSPs, lle-Leu targeted only HSP70 in both plasma and muscle
with probable potential systemic implications.
Current evidence indicates that the induction of HSP70 promotes
stress tolerance (Santoro, 2000), cytoprotection of stressed muscle
fibers, cell survival (Brinkmeier & Ohlendieck, 2014), muscle preserva-
tion, muscle function and improved muscular performance
(Silverstein et al., 2014). Therefore, HSP70 induction is considered a
health and lifespan-promoting compound (Silverstein et al., 2014).
Similarly, the predominant accumulation of HSP25 in muscle tissue is
involved in the organization of the intracellularmatrix, the preservation
of cell structure, stress resistance (Gernold, Knauf, Gaestel, Stahl, &
Kloetzel, 1993), the prevention of and protection against oxidative and
thermal damage (Musch, Kapil, & Chang, 2004) and the repair ofmuscle
damage (Huey et al., 2013). Mice lacking HSP25 (Hsp25−/−) run
shorter distances, have reduced myofibrillar (contractile) protein levels
and develop fatiguemore rapidly than the Hsp25+/+mice, suggesting
that HSP25 expression is required to maintain adequate muscle func-
tion (Huey et al., 2013). The HSP70 and HSP25 responses both promote
stress resistance (Gernold et al., 1993), protect tissues during exercise
(Huey &Meador, 2008), and alter homeostasis (Nishizawa et al., 2013).
Although Ile-Leu increased theHSP70 level in both plasma andmus-
cle, this peptide produced the lowest levels of free leucine inmuscle and
the highest in plasma. In turn, Leu-Val, which increased the levels of
both HSPs (25 and 70) in the muscle but did not alter the plasma
HSP70, produced the highest muscle levels of leucine and a low plasma
level. It is too early to make any definite assertions about the effect of
the dipeptides on the free amino acid profile; however, one would
expect a food bioactive peptide to degrade upon cessation of its func-
tions. In general, the administration of each peptide altered the plasma
and muscle levels of the constituent amino acids, suggesting that pep-
tides have the capacity to induce changes at the peripheral and systemic
levels.
Moreover, Foltz et al. (2007) reported that lle-Pro-Pro dripeptide
from milk, known to inhibit angiotensin converting enzyme (ACE)
was absorbed intact into the circulation in humans. Thus, the peptides
have shown to resist gastric and pancreatic hydrolysis. The same con-
cept may have occurred in the present results, which the BCCAs-dipep-
tides may be absorbed intact and reach the target tissue.
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The protective effects of HSP70 induction are known; however, the
mechanisms have not been completely elucidated. One of the mecha-
nisms suggested to explain the protective effects of HSP70 is mediated
by its interaction with dihydrofolate reductase (DHFR) (Musch et al.,
2004). DHFR is an enzyme responsible for catalyzing the formation of
the cofactor tetrahydrofolate, which is essential for several fundamental
reactions, such as nucleotide and amino acid biosynthesis (Musch et al.,
2004). Under conditions of injury, HSP70 binds to DHFR and blocks the
access of oxidants, thus preventing oxidation of the thiol group of DHFR.
This interaction (HSP70-DHFR) protects and prevents structuralmodifi-
cations and, consequently, maintains the stability and function of DHFR
(Musch et al., 2004). Our results showed that the changes in DHFR
expression followed the elevation of HSP70 caused by the consump-
tion of Leu-Val; however, the same effect did not occur with the lle-
Leu peptide, which increased the HSP70 level without affecting the
DHFR level. Our data indicate that the Leu-Val dipeptide facilitates
an important protective mechanism associated with the HSP70
effect.
Unstressed tissues express a low level of HSP70 (Rohde et al., 2005),
consistent with our results in the control animals (rest). Exercise pro-
motes the HSP70 response (Milne & Noble, 2002; Salo et al., 1991),
and this effect is also in agreement with the results of the present
study because, independently of the peptide consumed, exercise caused
HSP70 upregulation. HSP25 is detectable in unstressed tissue and may
elevate its expression as a result of environmental perturbations
(Gernold et al., 1993), including exercise (Huey & Meador, 2008; Huey
et al., 2013). Our data showed that exercise elevated only the HSP25
expression in the groups that received Leu-Val, whereas the HSP25
expression in the groups that received the other peptides did not differ
from that of the control (rest).
Fig. 2.Mean and standard error (Mean± SEM) for: Uric acid (A), Glucose (B), Albumin (C), Total protein (D), Globulin (E), Triglycerides (F), Cholesterol (G), High density lipoprotein (H),
Thiol content (I), Aspartate aminotransferase AST (J), Alanine aminotransferase ALT (K). Different letters represent significant differences (p b 0.05). Groups: Control (rest, without
gavage), Vehicle (water), Isoleucyl-leucine (lle-Leu), Leucyl-isoleucine (Leu-lle), Valyl-leucine (Val-Leu), Leucyl-valine (Leu-Val) and whey protein hydrolysate(WPH).
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A previous study showed that the consumption ofWPH elevates the
HSP70 expression in the soleus and gastrocnemius muscles (De Moura
et al., 2013) but does not influence theHSP25 level in the gastrocnemius
muscle (Moura et al., 2014). In the present study, the Leu-Val peptide
andWPH increased the HSP25 in the soleus. It is possible that such dis-
agreement is related to the difference in the fiber type predominance of
muscle fibers between the soleus and gastrocnemiusmuscles, as well as
the differences in exercise protocols. Previous studies demonstrated
fiber-specific changes in the HSP response, with a more pronounced re-
sponse in type 1 fibers than in type 2 muscle fibers in animals (Milne &
Noble, 2002) and humans (Cumming et al., 2014); this difference, may
reflect the differences between the evaluated muscles. Moreover, the
HSP response may also be influenced by the intensity of exercise
(Milne & Noble, 2002). The speed of 18 m/min is known to already in-
fluence HSPs in the soleus muscle (Milne & Noble, 2002). Exercise at
higher intensity could be necessary to observe an HSP response in the
gastrocnemius muscle.
The repair and recovery of injuredmuscle depends of the production
of nitric oxide (NO), among other factors (Filippin, Moreira, Marroni, &
Xavier, 2009). In rats, NO is related to muscle fiber density, strength
development, blood vessel diameter regulation, vascular tonusmodula-
tion (Radegran & Hellsten, 2000), an induction of vasodilatation and an
increase in blood flow. The formation of NO in response to muscle con-
tractions regulates (Radegran & Hellsten, 2000) and increases the blood
flow in skeletal muscle, which favors and accelerates the arrival of oxy-
gen, nutrients, regulatory hormones and glucose (Kingwell, 2000). As a
result, energy stores should be preserved (Kingwell, 2000). It is known
that WPH intake preserves glycogen content (Morifuji et al., 2005)
through mechanisms involving glycogen synthase and GLUT4 trans-
porter (Morato et al., 2013; Morifuji et al., 2005). However, such studies
did not evaluate the levels of NO. The present results showed that only
WPH increased the NO content, which could be an alternative and/or
concomitant mechanism of preserving glycogen, as well as a mecha-
nism involved in the capacity ofWPH to accelerate muscle recovery, re-
duce muscle damage (Lollo, Amaya-Farfan, & Carvalho-Silva, 2011) and
prolong the permanence of the animal in the exercise. However, none of
the tested peptides affected NO.
It has been suggested that the availability of L-arginine is a limiting
factor in the production of NO. However, such dependence is controver-
sial and questionable because increasing the availability of that amino
Table 2
Plasma free amino acids profile (μmol/L).
Control Vehicle lle-Leu Leu-lle Val-Leu Leu-Val WPH
Amino acids Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Aspartate 14.62b 2.38 9.23b 1.17 12.31b 0.76 18.46a 1.25 9.23b 0.63 10.77b 2.73 10.00b 1.24
Glutamate 249.21b 11.28 238.77b 8.37 258.96b 7.87 250.61b 10.64 259.65b 9.92 239.47b 11.47 409.32a 5.82
Hydroxyproline 64.05b 2.50 64.05b 4.31 100.76a 8.22 71.86b 5.00 56.24b 13.48 66.39b 2.11 62.49b 1.93
Asparagine 101.55a 1.40 52.71b 8.44 113.95a 3.30 58.14b 4.81 63.56b 6.84 62.79b 6.38 75.97b 7.92
Serine 331.27a 7.70 203.63b 5.28 328.34a 11.72 198.76b 6.22 206.55b 4.31 200.71b 3.72 326.39a 4.00
Glycine 779.93b 62.39 820.84b 33.96 714.48b 47.22 1150.81a 21.83 951.73ab 25.37 1059.45a 81.24 1052.63a 89.37
Histidine 54.10 11.41 57.40 4.72 56.74 5.88 43.55 26.14 52.78 5.28 55.42 7.92 56.74 8.06
Arginine 91.70b 4.12 62.90c 6.73 140.49a 10.35 78.18bc 6.31 64.66c 2.39 85.82b 6.20 88.17b 5.47
Taurine 250.37b 10.00 252.01b 13.22 211.10bc 19.82 243.83b 8.52 196.37c 9.46 294.56a 19.66 218.46bc 2.88
Threonine 515.01a 6.60 325.86c 12.98 416.99b 5.71 296.62c 9.50 293.19c 19.33 346.49bc 7.88 453.96b 15.64
Alanine 821.73b 34.97 914.82ab 25.80 1125.14a 88.70 316.05c 25.40 275.82c 14.73 289.62c 9.61 1020.55a 73.82
Proline 448.39a 41.96 316.72b 20.52 471.52a 26.43 290.03b 35.65 285.58b 21.76 227.75b 32.36 418.14a 30.33
Tyrosine 94.94b 9.20 93.25b 7.06 145.24a 21.83 73.47b 8.73 80.81b 5.01 65.55c 8.10 111.89a 18.69
Valine 417.64b 25.09 262.99c 15.35 243.77c 10.36 339.00b 17.32 582.77a 18.88 557.43a 10.06 250.76c 7.63
Cystine 61.26c 16.18 99.04b 6.79 255.19a 1.26 82.91c 2.95 80.61c 3.32 107.79b 6.48 115.62b 3.89
Isoleucine 193.56b 10.62 118.63c 16.97 284.10a 16.14 221.66a 31.00 104.59c 4.10 98.34c 17.13 178.73b 3.80
Leucine 404.29a 15.30 195.90c 15.93 415.22a 12.80 366.05b 24.37 376.98b 19.30 312.98b 11.90 292.68b 10.20
Phenylalanine 60.75 9.63 52.07 3.06 57.03 4.76 51.45 3.61 56.41 1.42 48.35 6.18 63.85 10.20
Lysine 710.22a 40.20 434.25b 19.20 521.11b 23.90 406.24b 32.60 331.29c 27.40 346.70c 31.70 434.95bc 44.20
Table 3
Mean and SEM for muscle free amino acids profile (μmol/kg).
Control Vehicle lle-Leu Leu-lle Val-Leu Leu-Val WPH
Amino acids Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Aspartate 235.40a 29.87 159.42ab 17.68 221a 12.33 183.50ab 6.40 138.42b 26.78 172.44ab 19.23 227.09a 6.30
Glutamate 1255.98cd 32.14 1164.85d 26.58 1478bc 97.3 1631.45ab 134.68 1708.63ab 93.71 1847.08a 173.79 1440.40bcd 105.58
Hydroxyproline 88.72ab 3.19 99.54ab 7.43 104ab 4.91 83.70b 7.02 111.24a 12.36 79.08b 8.36 113.58a 0.82
Asparagine 450.28a 41.27 312.74b 20.48 281b 18.2 264.21b 11.78 253.76b 10.63 262.19b 29.58 410.64a 40.07
Serine 699.91a 30.93 615.82a 35.30 428b 26.9 438.89b 26.45 434.28b 33.49 413.86b 4.74 683.71a 66.49
Glycine 1022.36 25.32 970.37 60.02 707 58.73 857.83 41.23 1018.62 181.53 771.39 11.34 991.65 69.58
Histidine 143.93a 12.85 124.21ab 12.56 81c 9.03 113.24abc 6.92 101.09bc 7.64 90.63bc 7.99 112.42abc 12.63
Taurine 14,658.21 393.54 13,138.37 883.71 15,177 639.01 13,743.24 997.97 15,847.98 963.74 13,327.21 859.77 15,884.67 383.07
Arginine 313.85bc 26.90 92.08d 10.97 316bc 32.74 495.00a 45.98 283.62c 27.73 269.46c 62.66 407.00ab 32.19
Threonine 199.90ab 15.99 228.71a 23.40 144b 12.39 140.48b 18.07 157.75b 19.50 142.47b 14.43 228.84a 5.72
Alanine 1971.58b 130.63 2174.22ab 103.20 2133b 74.90 1302.00c 135.60 1124.18c 35.03 1128.15c 67.24 2549.20a 196.67
Proline 240.68a 7.97 189.35b 6.66 151c 11.02 153.73c 14.15 169.20c 5.78 151.83c 2.63 264.89a 20.07
Tyrosine 68.13abc 3.60 84.92ab 19.73 47c 2.61 55.75bc 7.28 65.21abc 5.90 92.08a 1.92 87.31a 6.90
Valine 146.35c 3.45 138.10c 11.56 89d 8.03 116.29cd 16.84 218.44a 17.83 194.00ab 4.01 163.69bc 21.61
Methionine 60.51ab 4.33 59.01ab 3.32 42cd 2.18 54.80abc 3.46 53.60bc 5.44 35.99d 0.68 69.01a 3.42
Cystine 47.08c 7.71 78.28ab 6.16 55bc 3.09 41.08c 1.03 86.73a 9.48 43.90c 11.04 61.77bc 3.57
Isoleucine 87.17b 6.79 62.35c 2.67 33d 5.72 106.98a 7.94 78.48bc 4.07 64.14c 12.38 80.19bc 4.86
Leucine 125.52ab 5.48 113.37ab 3.20 98b 13.85 122.11ab 13.17 148.22a 16.35 134.59a 12.64 146.32a 12.94
Phenylalanine 99.19 10.79 98.26 0.99 83 10.08 92.86 6.69 101.37 7.26 97.13 18.43 110.91 12.91
Tryptophan 29.58a 4.28 15.68ab 2.61 11b 1.86 17.51ab 5.20 18.47ab 2.14 21.24ab 2.79 19.24ab 0.63
Lysine 169.41a 26.85 98.47b 2.02 68b 7.58 98.92b 3.66 69.55b 4.40 97.50b 8.50 116.57b 10.90
Different letters in the same line represent significant differences (p b 0.05).
23C.S. Moura et al. / Food Research International 84 (2016) 18–25
86
acid does not always affect vasodilatation (Gilligan et al., 1994). Our
results are in agreementwith this concept because some of the peptides
produced an elevation in arginine levels without an alteration in NO.
Exercise elevates NO through several mechanisms, including
increasing the expression of nitric oxide synthase (NOS), which plays
a hemodynamic and metabolic regulatory role during exercise
(Kingwell, 2000). Previous animal studies have shown that up to 2 to
4 weeks of exercise training may be necessary for exercise to produce
an increase in NO (Green, Maiorana, O'Driscoll, & Taylor, 2004). In the
present study, despite the observed increase in NOS expression, no
changes in NO were detected after a single exercise bout.
Vascular endothelial growth factor (VEGF) is involved in angiogene-
sis, and under stress conditions, VEGFmay promote cell survival (Byrne,
Bouchier-Hayes, &Harmey, 2005).Wehave shown thatWPH consump-
tion elevates VEGF expression (Moura et al., 2014). Our present results
indicate that valine-containing dipeptides (Val-Leu and Leu-Val) could
have an important role in the elevation of VEGF expression induced by
WPH.
Whey protein is known for promoting antioxidant effects (Gad
et al., 2011; Zhang et al., 2012). Our data indicate that Leu-Val ex-
hibited the largest antioxidant response and showed to preserve
thiol content. Leu-Val is one of the peptides that may be involved
and significantly influence the WPH antioxidant ability. In addition,
our experiment showed that exercise reduced the SOD and GPx ex-
pression, which is in agreement with other reports (Aguilo, Tauler,
Fuentespina, & Tur, 2005; Khassaf et al., 2001); however, exercise
did not change the catalase expression, as indicated by vehicle
(exercised) versus control (rest) comparison. Unpredictable results
have been reported for measurements of catalase in skeletal mus-
cle, with both varying trends and linear responses after exercise
(Khassaf et al., 2001).
The consumption of WPH associated with exercise has been
shown to increase the levels of uric acid (De Moura et al., 2013),
which is considered the most abundant and powerful serum antiox-
idant (Waring, McKnight, Webb, & Maxwell, 2006). We observed
that Leu-lle was the only peptide that increased the uric acid level.
Our data on the total protein, albumin and globulin levels demon-
strated that the ability of whey to preserve blood proteins during ex-
ercise (DeMoura et al., 2013) could be present in the dipeptides used
in the present study.
Moderate and acute exercise may increase transaminases levels and
consequently, elevate the levels of AST and ALT. Even in a healthy liver,
the levels may remain elevated for approximately 7 days after exercise
(Pettersson et al., 2007), in agreement with our results. Therefore, our
data suggest that ingestion of the different peptides apparently does
not cause liver damage, as indicated by AST and ALT markers, because
such increases may be associated with exercise.
Endurance exercise influences and stimulates PGC-1α expression
(Hill, Stathis, Grinfeld, Hayes, & McAinch, 2013; Lira, Benton, Yan, &
Bonen, 2010); even a single exercise bout exerts these effects (Hill
et al., 2013). This concept is in accordance with our findings, where
the PGC-1α expression increased in all exercised groups, except for
Val-Leu group, compared with the control (rest) group. Mild increases
in PGC-1α can improve oxidative metabolism, insulin sensitivity and
mitochondrial biogenesis (Lira et al., 2010). Despite several reports to
show that PGC-1α has a fundamental role in the induction ofmitochon-
drial biogenesis (Hill et al., 2013; Lira et al., 2010; Pilegaard, Saltin, &
Neufer, 2003), it was recently shown in mice that exercise-induced mi-
tochondrial biogenesis did not affect PGC-1α, which remained intact
and without abnormalities (Rowe, El-Khoury, Patten, Rustin, & Arany,
2012).
It has been shown thatWPH consumption attenuates body fat accu-
mulation via upregulation of fatty acid oxidation in muscle (Ichinoseki-
Sekine et al., 2014). Similarly, our results showed that all dipeptides
fromWPH increased the lipase expression and reduced the cholesterol
and triacylglycerol levels.
5. Conclusion
The data indicate that the Leu-Val peptide increased bothHSP70 and
HSP25 expression in peripherally muscle and that this peptide is most
likely involved in the ability of WPH to stimulate an HSP response.
Additionally, the lle-Leu dipeptide may also contribute to the protective
effect of WPH only HSP70 in plasma and muscle; however this peptide
may also have systemic implications. Moreover, Leu-Val showed the
highest antioxidant response and stimulated the protective mechanism
(DHFR) associated with the HSP70 effect. In general, Leu-Val can be
highlighted as the dipeptide that influenced the largest number of
parameters.
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Background: Several physiologically beneficial effects of consuming a whey protein 
hydrolysate (WPH) have been attributed to the greater availability of bioactive peptides. The 
presence of branched-chain amino acid-containing dipeptides was reported.  
Aims: The purpose of the present study was to investigate the effect of four BCAA-containing 
dipeptides, present in WPH, on immune modulation, stimulation of HSP expression, muscle 
protein synthesis, glycogen content and satiety signals. Additionally, the impact of these 
peptides on the plasma free amino acid profiles was evaluated.  
Methods: In the first experiment, the animals were divided in seven groups: control (rest, 
without gavage), vehicle (water), L-isoleucyl-L-leucine (lle-Leu), L-leucyl-L-isoleucine (Leu-
lle), L-valyl-L-leucine (Val-Leu), L-leucyl-L-valine (Leu-Val) and WPH. In the second 
experiment, the animals were divided into six groups: vehicle (control), lle-Leu, Leu-lle, Val-
Leu, Leu-Val and WPH. A time-course 60-min of plasma amino acids was performed. All 
animals were submitted to acute exercise in both experiments, except for control.  
Results: lle-Leu stimulated immune response, hepatic and muscle glycogen and HSP60 
expression, whereas Leu-Val enhanced HSP90 expression. All dipeptides reduced glucagon-
like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP), no changes 
were observed on leptin. All peptides inhibited NF-kB expression. The plasma amino acid 
time-course showed peptide-specific and isomer-specific metabolic features, including 
increases of the BCAAs, alanine, serine, cystine, taurine, arginine, lysine and tryptophan.  
Conclusion: The data indicate that lle-Leu was effective to attenuate immune-suppression 
exercise-induced, promoted glycogen content and stimulated anti-stress effect (HSP). 
Furthermore, Leu-Val increased HSP90, p-4EBP1, p-mTOR and p-AMPK expression. The 
data suggest the involvement of these peptides in various beneficial functions of WPH.   
 







Whey proteins (WP) are known to be functional for promoting the improvement 
of several biological responses that include cytoprotective effects mediated by the 
enhancement of heat shock protein (HSP) expression, promotion of glycogen content, 
stimulation of muscle protein synthesis, modulation of the immune response and 
improvement of satiety (1-6). When hydrolyzed, WP become rich sources of bioactive 
peptides, including branched-chain amino acid (BCAA)-containing dipeptides (7), which can 
act as cell-signaling molecules capable of modulating physiologic functions reaching cells and 
tissues (8).  
Several of the positive effects attributed to WP consumption are often associated 
with exercise and healthy homeostasis. Since exercise itself is known to induce changes in 
homeostasis, it would be worthwhile from the standpoint of nutrition to deepen our 
understanding of how these proteins can counteract some adverse changes caused by, for 
example, raised body temperature, immune suppression, muscle damage and fast glycogen 
depletion, all such alterations likely to occur during or after acute exercise. The positive 
health effects of whey protein consumption, and particularly the whey protein hydrolysate 
(WPH), have been suggested to be due to the greater availability of bioactive peptides, 
indicating that one or a combination of several peptides present in the whey could be 
responsible for the various WPH effects (2).  
Hypothesis: given that dipeptides L-leucyl-isoleucine (Leu-Ile), L-isoleucyl-
leucine (Ile-Leu), L-valyl-leucine (Val-Leu) and L-leucyl-valine (Leu-Val) are dipeptides 
present in the milk whey proteins, and that they are sufficiently stable to withstand isolation 
from a hydrolysate, we then hypothesized that any one of these dipeptides could display 
bioactivity explaining some of the metabolic effects attributed to the hydrolyzed milk whey 




containing dipeptides, present in WPH, on immune modulation, stimulation of HSP 
expression, muscle protein synthesis, glycogen content and satiety signals. Owing to the dual 
role of BCAAs and their peptides as indispensable nutrients and cell possible signalers, it 
should be also instructive to monitor how the plasma free-amino-acid profiles respond to the 
intake of these four dipeptides. Therefore, the results could indicate which peptides (whey 
components) could be involved or be responsible for several effects attributed to WPH 
consumption. 
 
Materials and methods 
Ethical approval  
All animal manipulations were performed according to the institutional guidelines 
of the Ethics Commission on Animal use of the University of Campinas (UNICAMP, Brazil) 
that approved full experimental procedures (CEUA-UNICAMP, protocol number 2845-1). 
 
Animals and experimental trials  
For the first experiment, fifty-six male Wistar rats (21 days old, specific-pathogen 
free) from the Multidisciplinary Center for Biological Research (University of Campinas, SP, 
Brazil) were housed in individual cages with access to chow (Labina, Purina, Brazil) and 
water ad libitum and maintained under controlled ambient conditions (reverse 12-hour 
light/dark cycle, 55% humidity, 22 ± 1°C). After growth, the animals (7 weeks of age and 
278g ± 14.33 of body weight) were divided into seven groups (n=8): control (rest, no gavage), 
vehicle (water), L-isoleucyl-L-leucine (lle-Leu), L-leucyl-L-isoleucine (Leu-lle), L-valyl-L-
leucine (Val-Leu), L-leucyl-L-valine (Leu-Val) and whey protein hydrolysate (WPH). These 
BCAA-containing dipeptides have been identified from WPH (7). All groups were submitted 




min, except for control (9). Immediately after the exercise, the animals were gavaged with the 
dipeptides, WPH or water (vehicle) and were sacrificed 3 hours after gavage. The immune 
system, heat-shock protein (HSP) expression, satiety and glycogenic responses were 
investigated.  
In the second experiment, 60 animals with the same characteristics, same feeding 
treatment, same dose and same exercising protocol, as defined above, were used to time-
course curve (0, 15, 30, 45, 60 min). Immediately after the exercise, the animals were gavaged 
and a 60-min time-course of plasma amino acids was performed. Here, the objective was to 
observe the impact of each dipeptide on the plasma amino-acid profiles. For this purpose, the 
animals were divided into six groups: vehicle (control), lle-Leu, Leu-lle, Val-Leu, Leu-Val 
and WPH. 
Peptides and whey protein hydrolysate  
Each animal received single dose a 3 mmol (0.75 g/kg) of the peptides or WPH 
(0.75g/kg) dissolved in water by oral gavage (10). All dipeptides (purity >98%) were 
produced by BioBasic (Markham, Ontario, Canada). The WPH was from Hilmar Ingredients 
(Hilmar, CA, USA). 
 
Blood collection and biochemical parameters 
Three hours after peptides gavage, blood samples were collected and centrifuged 
at 3000 x g (4°C, 15 min) to obtain the serum. All kits were used following manufacturer 
protocol and were purchased from Millipore: Glucose-dependent insulinotropic polypeptide 
(GIP), glucagon-like peptide-1 (GLP-1) and C-peptide (Milliplex, RMHMAG-84K), insulin 
levels (ELISA, EZRMI-13K), interleucine 1β and interleucine 10 (Recytmag-65K) and leptin 




EDTA anticoagulant and analyzed using an automated cell counter (Ac.T5diff hematology 
analyzer, Beckman Coulter, High Wycombe, UK).   
 
Western blotting procedure 
Soleus muscle sample was removed from the animals and immediately frozen in 
liquid nitrogen for subsequent analysis. Muscle samples were homogenized in antiprotease 
buffer according to a previously described method (2). Protein content of muscle homogenate 
was measured by Lowry method (11). The samples were separated by SDS-PAGE and 
transferred to a nitrocellulose membrane (Santa Cruz, 0.22 	m pore size) using a semi-dry 
(Bio-Rad, CA, USA). The blots were incubated with the appropriate antibodies: Enzo Life 
Sciences - HSP90 (ADI-SPA 831), HSP60 (ADI-SPA 806), GAPDH (ADI 905734); Abcam: 
OGT (ab59135), NF-kB p65 (Ab7970), BCKDH (ab59747), p-AMPK alpha 1 + alpha 2 
(ab39400), AMPK (ab80039), IDE (ab25733); Cell Signaling Technology: p-mTOR Ser 2448 
(2971S), mTOR (MA 2972), p-4EBP1 T37/46 (94595); Santa Cruz: Akt (H-136) (sc8312), p-
AKT Ser 473 (sc7985-R); Bethyl: 4EBP1 (TX A300501A); Upstate Biotechnology: PI3-
Kinase (p85), N-SH2 domain (06-496). The membranes were visualized with a UVITEC 
Cambridge instrument (model Alliance LD2). The quantification of blots was performed with 
the digital program Image J. 
 
Plasma time-course free amino acids  
Blood samples were collected from the tail vein for each rat at different times with 
heparin anticoagulant to time-course of 0, 15, 30, 45, 60 minutes after peptides gavage and 
centrifuged at 3000 X g (4°C, 15 min) to obtain plasma and stored at -20°C. The free amino 
acids from plasma (100 mg) were extracted with a solution composed in methanol (≥99.9%, 




filtration (Vivaspin 500 Sartorius). Extract (40	L) was evaporated in a vacuum cryogenic 
system. The evaporated was redissolved and homogenized in 20 	L (methanol, triethylamine 
and ultrapure water, ≥99.9%, HPLC grade + PITC phenylisothiocyanate) for derivatization at 
room temperature and evaporated again. The derivatized samples were dissolved in dibasic 
anhydrous sodium phosphate buffer (pH 7.4) and chromatographed (Agilent Technologies 
1200 series) using a Luna C-18, 100 Ǻ; 3 µ, 250 x 4.6 mm (00G-4251-E0) column at 46°C, 
detected at 254 nm (12).   
 
Glycogen content 
The liver, heart, kidney and muscle tissues were used for glycogen determination. 
Tissues samples were digested with potassium hydroxide until totally dissolved and the 
glycogen precipitated with ethanol. The precipitated glycogen was reacted with phenol–
sulphuric acid method, as previously described (13). The absorbance was read in a 
spectrophotometer (Beckman-Coulter DU 640) at 490 nm.  
 
Statistical analysis 
Data were presented as mean and standard error (mean ± SEM) and were analyzed 
by ANOVA, followed by the Duncan post-hoc test, using SPSS (Statistical Package for the 
Social Sciences, Chicago, USA - software version 17.0). The level of statistical significance 










Protein expression  
Of the WPH peptides, Leu-Val increased HSP90 expression, whereas lle-Leu 
elevated HSP60 in comparison to the other peptides (Figure 1 A, B). The expression of O-β-
acetylglucosaminyltransferase (OGT) was high in all peptides, with exception of Val-Leu, 
which did not differ from the control (Figure 1 C). All peptides reduced the muscle nuclear 
factor kappa B (NF-kB) expression (Figure 1 D).  
Exercise increased the branched-chain α-keto acid dehydrogenase (BCKDH) 
expression (control versus vehicle) and Val-Leu peptide was elevated in comparison with lle-
Leu, but remained at control level (Figure 1 E). Leu-lle and Leu-Val peptides stimulated the 
5’-AMP-activated protein kinase (AMPK) phosphorylation (Figure 1 F). Leu-Val stimulated 
the mTOR fosforilation (Figure 1 G) and 4EBP1 expression (Figure 1 H). Insulin-degrading 
enzyme (IDE) was reduced in all peptides in comparison with control (Figure 1 I). We did not 




Figure 1. Means (± SEM) of the
(D), BCKDH (E), p-AMPK (F)
represent significant differences 
vehicle (water), L-isoleucyl-leuci
valine (Leu-Val) and whey prote
 Western blot analysis (n = 8): HSP90 (A), HSP60 (
, p-mTOR (G), p-4EBP1 (H), IDE (I), p-AKT (J), 
(p<0.05). GAPDH is loading control. Groups: contr
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in hydrolysate (WPH).  
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Glycogen content and blood parameters  
Exercise reduced liver glycogen and lle-Leu was the dipeptide that better 
preserved glycogen content in liver compared to other dipeptides (Figure 2 A). lle-Leu 
enhanced the exercise-induced heart glycogen content in comparison with control, but there 
was no difference between the dipeptides (Figure 2 B). Again, lle-Leu promoted high 
accumulation of muscle glycogen compared to the vehicle, Val-Leu and Leu-Val dipeptides 
(Figure 2 C). In contrast, Ile-leu dipeptide showed the lowest content of kidney glycogen 
compared to other peptides (Figure 2 D), but remained at control levels.  
All peptides reduced levels of insulin compared to the control (Figure 2 E). The 
exercise reduced C-peptide levels for all peptides, with the exception of the lle-Leu and WPH, 
compared to control (Figure 2 F). All peptides and WPH reduced glucose-dependent 
insulinotropic polypeptide (GIP) levels, but there was no difference between the dipeptides 
(figure 2G). For the glucagon-like peptide-1 (GLP-1), the lle-Leu group showed the lowest 
level, compared to the other peptides (Figure 2 H). No change was found in leptin levels 
(Figure 2 I). The levels of both interleukin (IL-1β and IL-10) tended to increase with Leu-lle 
in comparison with other peptides, however it did not differ from control (Figure 2 J, K). The 








Figure 2. Means (± SEM) for glycogen content: (A) liver (B) heart (C) muscle (D) 
kidney. Means (± SEM) for serum biochemical parameters: (E) insulin, (F) C-peptide, (G) 
GIP, (H) GLP-1, (I) leptin, (J) IL-1β, (K) IL-10, (L) free glutamine (	mol/L). Different letters 
represent significant differences (p<0.05). Groups: Control (rest, without gavage), vehicle 
(water), L-isoleucyl-leucine (lle-Leu), L-leucyl-isoleucine (Leu-lle), L-valyl-leucine (Val-






Immune System  
The data in Table 1 show that the one bout of acute exercise affected the immune 
system, reducing lymphocytes, monocytes, platelet, erythrocytes, average cell volume (MCV) 
and increasing mean corpuscular hemoglobin concentration (MCHC), leukocytes, and 
neutrophils (comparison of control (at rest) with vehicle (exercised). The lle-Leu stimulated 
both leukocytes and neutrophils, while Val-Leu increased only neutrophils. On the other 
hand, no peptide, except for Ile-Leu was able to avert the reduction of lymphocytes caused by 
exercise, only lle-Leu was the peptide that better preserved lymphocytes levels, however it did 
not restore it to control level. Leu-lle increased monocytes and platelet. No alterations were 
observed in eosinophils, basophils and hematocrit (Hct). Leu-Val elevated erythrocytes and 















Table 1. Immune System  





Erythrocytes Hct Hemoglobin MCV MCHC Leukocytes Neutrophils  Lymphocytes Monocytes Eosinophils Basophils Platelet 
  
 (	L·103) (%) (g/dL) (fL) (g/dL)    (	L)  (	L) (	L) (	L)  (	L)  (	L)  (	L·103) 
Control 7945
c
 (5) 40 (1) 16.05c (0.05) 50.3a (0.01) 40.1b (0.1) 5850c (50) 819e (7) 4914a (42) 58.5b (2.5) 0 (0) 0 (0) 1.023b (6) 
Vehicle  7585
d
 (15) 37 (1) 15.95c (0.04) 48.7b (0.15) 43.05a (0.20) 6200b (100) 2480a (40) 3720d (60) 0d (0) 0 (0) 0 (0) 967c (8) 
lle-Leu 7905
c
 (25) 39 (1) 16.45b (0.05) 49.25b (0.10) 42.15a (0.15) 6700a (100) 2412a (36) 4221b (63) 67b (1) 0 (0) 0 (0) 1016b (10.5) 
Leu-lle 7879
c
 (5) 38 (1) 15.95c (0.07) 48.15b (0.05) 41.95a (0.12) 5550d (50) 1498d (13) 3885c (35) 111a (1) 0 (0) 0 (0) 1062a (8.5) 
Val-Leu 7885
c
 (5) 38 (1) 16.15c (0.04) 48.15b (0.05) 42.45a (0.1) 5350d (50) 2461a (23) 2782e (26) 53.5b (3.0) 0 (0) 0 (0) 938d (2) 
Leu-Val 8565
a
 (25) 39 (1) 17.05a (0.05) 45.5d (0.1) 43.65a (0.25) 4300e (10) 1720c (3) 2537f (10) 43c (0.3) 0 (0) 0 (0) 983c (6) 
WPH 8415
b




Plasma free amino acids time-course 
In general, we can observe that the free-amino acid profiles in plasma responded 
to all peptides (Figure 3). Since all the tested peptides contained only BCAAs, the most 
relevant results should be the levels of the leucine, isoleucine and valine. Figure 3 (A, B) 
shows that all peptides elevated leucine levels, however Val-Leu was in minor proportion. 
Both lle-Leu and Leu-lle peptides elevated isoleucina levels, and Leu-Val increased valine 
levels, but Val-Leu did not. With regard to the other amino acids, the data showed that each 
peptide influenced the outcome in a different and independent fashion, thus producing the 







Figure 3. Plasma free amino acids profile (	mol/L) showing the time-course: (A) plasma leucine, (B) 
Leucine area under the curve (AUC), (C) plasma glutamate levels, (D) Glutamate AUC, (E), plasma isoleucine 
levels, (F) Isoleucine AUC, (G) plasma serine, (H) Serine AUC, plasma valine (I), Valine AUC (J), glycine 
levels (K), Glycine AUC (L), plasma tryptophan (M), tryptophan AUC (N), plasma taurine (O), Taurine AUC 
(P), plasma cystine (Q), cystine AUC (R), plasma arginine (S), arginine AUC (T), plasma lysine levels (U), 




0.05). Groups: vehicle (water), L-isoleucyl-leucine (lle-Leu), L-leucyl-isoleucine (Leu-lle), L-valyl-leucine (Val-
Leu), L-leucyl-valine (Leu-Val) and whey protein hydrolysate (WPH). The time-course was done up to 60 
minutes because the values of amino acids mostly returned to baseline levels. The vehicle (water) group for this 
analysis was used as control. 
 
Discussion 
The purpose of the present study was to investigate if four dipeptides present in 
milk whey proteins could be responsible for some of the metabolic effects attributed to the 
whey proteins in the rat. 
In the normally functional animal body, HSPs are known to play a vital 
cytoprotective role acting as part of an endogenous defense system, having the mission of 
repairing damages caused by stressors (14,15). Increases in the expression of HSPs, therefore, 
is an adaptive mechanism geared to protect the tissues against drastic changes in homeostasis 
(anti-stress effect), as occurs during exercise. Supplemental lipoic acid, for instance, was seen 
to cause an increase in the expression of HSP90, which was associated with a rise in 
protection to the skeletal muscle of horses exercised on a treadmill (16). In rodents, treadmill 
exercise has been successfully used to induce HSP response and alter in homeostasis (1,2,17). 
Consistent with this view, we have shown that in the rat, consuming WPH 
enhances the muscle expression of exercise-induced HSP90, but without affecting HSP60 (3). 
Our present results now indicate that dipeptide Leu-Val may be involved in the WPH capacity 
to induce HSP90 expression, while only lle-Leu may enhances the exercise-induced HSP60 
expression. 
O-β-acetylglucosaminyltransferase (OGT) is a protein of the hexosamine pathway 
that is involved in the enhancement of HSP mediated by glutamine (18). However, our data 
did not indicate a relationship between HSP elevation and OGT expression after the 
consumption of the BCAA-containing dipeptides, similarly to previous results with WPH (2). 




It is known that exercise may cause transient changes in immune function by 
causing immuno-suppression during the first few hours that follow, but generally returning to 
basal levels in 15 hours. This phenomenon, known as “open window”, marks a period when 
individuals may be more susceptible to infections (19). The results of the present study (Table 
1) support prior evidences that a single exercise bout increases leukocytes and neutrophils 
(6,20), reduces lymphocyte (21) and apparently does not influence basophils and eosinophils 
(20). Additionally, our data showed that platelets were reduced after the exercise, similar 
result to the one already reported (6).   
Several studies have reported that whey protein enhances immune response (22-
25,5), but only a few explore the bioactivity of peptides. Peptides Tyr-Gly-Gly and Tyr-Gly, 
isolated from milk protein were found to have immune modulatory capacity, but the 
mechanism by which they exert their action remains to be elucidated (8). Additionally, it has 
been proposed that BCAAs may also influence immune markers (21). The present results 
showed that lle-Leu elevated leukocytes and neutrophils and preserved the lymphocytes 
levels, indicating that an exercise-induced immune-suppression could be attenuated by lle-Leu 
dipeptide.  
It has been proposed that the high content of glutamine present in whey protein 
could somehow be related to its immune modulatory capacity (6,25). De Moura et al. (2013) 
showed that WPH stimulates glutamine synthetase expression, an enzyme capable of 
harnessing the nitrogen donated by BCAAs to generate glutamine. Therefore, we determined 
the concentration of free glutamine in plasma and the results demonstrated that lle-Leu 
peptide that influenced various immune markers also induced greater free glutamine plasma 
concentration.  
Additionally, once HSPs are produced, they may activate the immune system 




influence the immune response are located in extracellular environments or bound to a 
membrane, and only a few methods exist to identify HSPs in these locations (27). It is also 
speculated that HSPs may act in a pro or anti-inflammatory way, depending on the HSP 
family and type of immune cell in which the HSP interacts (28). At present, therefore, it is not 
possible to draw any link between our results and this additional form of activation because 
our analytical procedure could not distinguish intra from extra-cellular HSPs.  
We found only a few studies addressing the effect of whey protein or bioactive 
peptides on interleukin levels after the stress caused by intense exercise. In humans, Kerasioti 
et al. (2013) showed a tendency to increase anti-inflammatory IL-10, after intense exercise 
and supplementation with whey. Leu-lle peptide at the same time elevated both pro and anti-
inflammatory interleukins, however without increasing muscle NF-kB expression. This 
discrepancy may be related to the different locations where the parameters interleukins 
(plasma) and NF-kB (muscle) were analyzed. All peptides reduced the expression in NF-kB, 
suggesting a protection against the inflammatory process.    
It is known that the consumption of whey protein elevates, recovers and/or 
preserves the glycogen content in various tissues, even after the acute exercise (3,2). It was 
recently showed that the intake of lle-Leu and Leu-lle present in WPH did not stimulate liver, 
muscle or heart glycogen content (30). In contrast, our results indicate that lle-Leu could be 
involved in the capacity of whey to preserve glycogen (Figure 2). This lack of agreement 
between the two studies was most likely due to the differences in the time elapsed after 
consuming the peptides. In the study of Morato et al. (2013), the recovery period after gavage 
was only 30 min, while in the present study was three hours. It is believed that kidney 
glycogen is important for cell survival during oxygen reduced flow periods (31). Our results 
are consistent with the concept that exercises may provoke a small alteration in kidney 




It has been proposed that the increase of muscle glucose uptake exercise-induced 
can proceed through the activation of AMPK (33). A previous study showed that Leu-lle 
activated AMPK phosphorylation, but with no alteration of the glycogen content (30), 
consistent with our results. Now we show that the Leu-Val dipeptide also stimulates AMPK 
phosphorylation, also with no effect on the glycogen.  
Whey protein consumption promotes higher satiety compared to other protein 
sources or to glucose (4,34-36). Previous studies support that whey protein stimulates the 
secretion of GLP-1 and GIP, both involved in regulating appetite and promoting satiety (35-
38). It has also been suggested that peptides present in whey improve satiety signals, but no 
identification of such peptides or the underlying mechanisms involved have been advanced 
(39). Our results suggest that none of the BCAA-containing dipeptides are potential 
contributors to the alleged satiety effect of whey if we considered the effect on GIP and GLP-
1. Futhermore, in the present study, the analysis of the GIP and GLP-1 parameters were made 
3 hours after dipeptide gavage and generally the studies related to satiety present results with 
shorter time.   
The hormonal alterations that regulate the hunger sensation generally are 
temporary and observed during or soon after exercise, causing a short-term reduction of 
appetite (40-42). The reduction of GIP and GLP-1 levels found after the exercise (Figure 2 G, 
H), seem to be coherent. Once the exercise depletes energy and promotes a predominant 
catabolic state, while the rested animal (control) spends less energy, leading to an extended 
satiety effect.  
C-peptide and insulin are equally stocked and secreted in blood flow in equimolar 
quantity (43). Since the C-peptide has a half-life approximately 10 times longer than insulin 
(44), this may explain why we found different levels for each in our experiment. C-peptide 




muscle blood flow when administrated to type-1 diabetes patients (43). It was recently 
reported that the whey consumption stimulates reduction of glycemia through insulin-
independent mechanisms because it concomitantly reduces the levels of insulin and C-peptide 
(37), consistent with our results that showed reduced levels of insulin and C-peptide by all 
peptides, except for lle-Leu, with respect to C-peptide levels.  
It appears that little is known about the factors governing IDE expression, 
including whether whey protein-derived peptides could have any influence. It is known that 
IDE is involved in insulin degradation. Kim et al. (2011) found that IDE was overexpressed in 
swimmers after four weeks, thus suggesting that the reduction on insulin levels caused by the 
exercise could be more related with the increase in clearance than with changes in insulin 
liberation. However, in the present study, we did not observe IDE overexpression after a 
single exercise bout (Figure 1 I).     
Regarding the muscle protein synthesis biomarkers, mTOR and 4EBP1, whey 
protein consumption is known to activate this pathway, especially if in association with 
training. Lollo et al. (2012) showed that supplementation with leucine activated the mTOR 
pathway, independent of the protein source (whey or casein) consumed. Our results suggested 
that Leu-val peptide could have contributed to the overall effect of whey because the peptide 
elevated both mTOR and 4EBP1, in spite of not having reached the stage of any muscle mass 
increase (data not shown) in one single exercise bout.  
The plasma amino acids did respond rather specifically to some of the peptides 
thus suggesting that metabolic adjustments occur, whether through their cell-signaling 
properties or by the mere presence of the component amino acids once released by hydrolysis. 
One interesting feature was the increase that a peptide containing only BCAAs can produce of 
amino acids other than BCAAs, which could be the result of either a specific imbalance 




increased taurine, whereas Val-Leu increased cysteine (Figure 3). In this case, the increases of 
cysteine and taurine can be associated with muscle function (47). 
Both Ile-Leu and Leu-Ile underwent hydrolysis and released their constituent 
amino acids showing no isomer-specific differences between each other. However, in the 
synthesis of cysteine (Figure 3 R) there was a big difference between isomers Val-Leu and 
Leu-Val, suggesting a complementary action in the two-step production of arginine (Figures 3 
R,T). 
Several other features worthy of mention were: 1) the late release (peaking at 45 
min) of Glu, Ser, Cys, Tau, Arg and Ala, suggested the need of some time for their syntheses 
to be accomplished; 2) the trend of WPH to substantially contribute to the production of Glu, 
Ser, Gly, Tau, Arg and Ala, which was suggestive of other peptide sequences with additional 
functions, 3) despite the variations found in the profile of the free amino acids (time-course), 
there was no stimulation in BCKDH expression, (responsible for BCAA catabolism) (48) 
after the consumption of dipeptides. One limitation of this study is that although the four 
peptides have been proven to occur in whey protein sequences, their presence in the blood 
was not determined. Previous results have shown that lle-Pro-Pro milk dripeptide sequence 
was absorbed intact into the circulation in humans (49). From our data, however, it can be 
inferred that if present in the blood, these peptides produce significant alterations in the free 
amino acid profile, suggestive of their permanence and degradation over time.   
Conclusion 
We have shown that four BCAA-containing peptides present in whey protein 
hydrolysates can modulate important biological parameters following acute exercise. The 
results indicate that lle-Leu and Leu-Val dipeptides stood out for displaying functions that 
have been attributed to the WPH. lle-Leu dipeptide could be involved in the enhancement of 




immunosuppression. Finally, Leu-Val dipeptide enhanced HSP90, mTOR and 4EBP1 
expressions. Functional features emerged relevant to how the very presence of each peptide 
can affect metabolism, suggesting that a series of commands issued by multiple combinations 
of peptides could come into play to grant the body reduced stress, higher immune capacity, 
eased protein synthesis and tissue protection.  
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Scope: Heat shock proteins (HSPs) are endogenous proteins whose function is to raise the 
cell’s tolerance to insult, and glutamine is known to increase HSP expression during intense 
exercise. Here we test the role of leucine, valine, isoleucine and arginine as potential 
stimulators of HSPs 25, 60, 70 and 90 in rats submitted to acute exercise as a stressing factor. 
Methods and results: Seven groups of Wistar rats were installed: control (rest, untouched), 
vehicle (water), L-leucine, L-isoleucine, L-valine, L-arginine and L-glutamine. Excepting the 
control, all animals were exercised and received 5.5 mmol/kg of every amino acid. Arginine 
supplementation up-regulated muscle HSP70 and HSP90 and serum HSP70, however, no 
amino acid affected the HSP25. All amino acids further increased exercise-induced HSP60, 
except for valine. Antioxidant enzymes were reduced by exercise, but both glutamine and 
arginine restored GPx, while isoleucine and valine restored SOD. Exercise caused 
immunosuppression and reduced blood cell indicators, but leucine stimulated immune 
response, preserved the levels of the lymphocytes and increased leukocytes and maintained 
platelets at control levels. Plasma and muscle amino acid profiles showed specific metabolic 
features. Conclusion: The data suggest that tissue-protecting effects of arginine could 

















Heat shock proteins (HSPs) are highly conserved protective defense proteins 
whose function is to protect and repair cell damage, promote cell resistance, tolerance to 
injury and guarantee survival under a wide variety of stress conditions. HSPs are named 
according to molecular weight and the main members are: HSP90, HSP70, HSP60 and 
HSP25. Because HSP activation provides cells with a mechanism capable of reestablishing 
protein homeostasis following stressors [1-3], these proteins are now treated as a 
complementary antioxidant system [4]. Under stress conditions, the HSPs up-regulation
 
may 
provide cytoprotection against several stressors, including exercise [5]. Chronic exercise may 
be positive to improve overall health, however a single bout and inadequate exercise may lead 
oxidative stress and muscle injury [6].    
It has also been established that glutamine increases HSPs expression [7-11], 
including when associated with exercise [12]. If on the one hand, the literature widely 
describes the influence of glutamine in stimulating the increase in the HSP, on the other hand, 
few studies report the effect of other amino acids.       
In vitro for instance, L-threonine induced HSP70 and HSP25 expression in 
intestinal epithelial stressed cells (heat injury) [13]. Similarly, L-methionine has been shown 
to increase HSP70 in epithelial cells [14]. In vivo, L-arginine supplementation promoted the 
HSP70 expression in pig intestine [15]. In addition, we have shown that the consumption of 
whey protein hydrolysate (WPH) enhances exercise-induced HSP expression and suggested 
that the protective effects of WPH is mots likely related to the high concentration of 
branched-chain amino acids (BCAAs) in the whey proteins [16].   
We hypothesized that other amino acids could promote the increase in the HSPs 
to the same degree as glutamine or even higher. Thus, the purpose of the present study was to 




the HSPs expression in the skeletal muscle of rats submitted to acute exercise as a stress 
factor. Since the interpretation of any HSP enhancement should be accompanied by indicators 
of the general state of health of the animal, the objectives of this work will also include the 
assessment of such parameters as immune markers, expression of antioxidant enzymes, blood 
cell counts and free amino acid profiles of blood and muscle.   
 
2. Materials and methods 
2.1 Animals and housing conditions 
The Ethics Committee on Animal Experimentation of the University of 
Campinas approved the animal procedures used in this research (CEUA-UNICAMP, n. 2845-
1). Male Wistar rats (21 days old, specific-pathogen free) from Multidisciplinary Centre for 
Biological Research, University of Campinas, SP, Brazil, were housed (22-23°C temperature, 
55% RH, inverted 12-hour light cycle) individually with access to chow diet (Labina, Purina, 
Brazil, lot 0031101203) and water ad libitum.  
 
2.2 Experimental procedure and treatment 
When the animals reached 200 g ± 3.07, they were divided into seven groups 
(n=8): control (rest, without gavage), vehicle (water), L-leucine (Leu), L-isoleucine (lle), L-
valine (Val), L-arginine and L-glutamine. With the exception of the control group, all the 
animals were submitted to acute exercise. The exercise consisted of a single exercise bout on 
a treadmill without inclination at the speed of 18 m/min for one hour. The exercise on a 
treadmill showed to be a great form to induce HSP response and is currently used by 
researches for this purpose [5]. All amino acids (purity >99%) were acquired from Synth (São 
Paulo, Brazil) and were administered in single doses (5.5 mmol/kg, solution 3% w/v diluted 




or water (vehicle) immediately after the exercise and sacrificed 3 hours after gavage [17].  
 
2.3 Biochemical parameters 
Blood samples were collected and centrifuged at 3000 × g (4 °C, 15 min) to obtain 
the serum. The blood parameters uric acid, total protein, globulin, triacylglycerol (TG), 
cholesterol, high density lipoprotein (HDL), aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT) were measured using clinical commercial kits (Laborclin, Vargem 
Grande, Paraná, Brazil). The glucose and albumin levels were also measured (Labtest, Lagoa 
Santa, Minas Gerais, Brazil). The glucose-dependent insulinotropic polypeptide (GIP), 
glucagon-like peptide-1 (GLP-1), C-peptide (Milliplex, RMHMAG-84K) and insulin levels 
(ELISA, EZRMI-13K) were analyzed with kits from Millipore. The serum HSP70 level was 
determined using an enzyme immunoassay kit (high sensitivity EIA kit, ADI-EKS-715, Enzo 
Life Sciences, USA) and nitric oxide was analyzed with a colorimetric kit (QuantiChrom 
D2NO-100 Nitric Oxide Assay kit, BioAssay Systems, CA, USA). All kit procedures were 
performed according to the manufacturer's protocols. Forhematological parameters 
(immune system) the blood sample was collected with EDTAanticoagulant and analyzed 
using an automated cell counter (Ac.T5diff hematology analyzer, Beckman Coulter, High 
Wycombe, UK). The thiol content was assessed with a 5,5 ‘dithiobis (2- nitrobenzoic acid) 
(DTNB) assay. Plasma samples (10 	L) were treated with 200 	L DTNB (0.5 mM diluted in 
100 mM phosphate buffer, pH 7.4) and incubated for 30 min at room temperature in the dark 
and read at 412 nm. A spectrophotometric microplate reader (Biotech Epoch, Winooski, VT, 







2.4 Free amino acid profile analysis 
Free amino acid profiles were determined in plasma and muscle samples. Blood 
samples were collected with heparin anticoagulant and centrifuged at 3000 × g (4 °C, 15 min) 
to obtain plasma and stored at −20 °C. The soleus muscle was dissected and immediately 
frozen and stored in liquid nitrogen until analysis. The free amino acids from soleus muscle 
and plasma (100 mg) were extracted with a solution composed of methanol (≥99.9% for 
HPLC) and hydrochloric acid (0.1 M) at the rate of 80/20 (v/v) and then derivatized with 
phenylisothiocyanate. The product was resuspended in anhydrous dibasic sodium phosphate 
buffer (5 mM, pH 7.4) and chromatographed using a Luna C-18, 100 Ǻ; 3 	m, 250 × 4.6 mm 
(00G-4251-E0) column at 46 °C, detected at 254 nm [18].  
 
2.5 Western blotting 
The total protein content was determined using the Lowry method [19]. For 
immunoblotting, skeletal muscle soleus homogenates were subjected to SDS-PAGE and 
transferred using a semi-dry system (Bio-Rad, CA, USA) to a nitrocellulose membrane of 
0.22 	M pore size (Bio-Rad, cat. 162-0112). A molecular weight standard (Thermo Scientific, 
#26634) was used and run concurrently on each gel for accurate determination of the proper 
molecular weight. The blots were incubated overnight with the appropriate antibodies to 
assess the protein level of the following: HSP70 (Enzo Life Sciences, ADI-SPA 810), HSP25 
(Enzo Life Sciences, ADI-SPA 801), HSP90 (Enzo Life Sciences, ADI-SPA 831), HSP60 
(Enzo Life Sciences, ADI-SPA 806), DHFR (Abcam, ab124814), SOD (Abcam, ab51254), 
catalase (Santa Cruz, sc271803), GPx (Abcam, ab22604), GAPDH (Enzo Life ADI 905734), 
OGT (Abcam, ab59135), NF-kB p65 (Abcam, ab7970), lipase (Abcam ab109251), NOS 
(Abcam ab15203) BCKDH (Abcam, ab59747). The appropriate secondary antibodies 




using a UVITEC Alliance LD2 instrument (Cambridge, UK) and quantified with the program 
Image J.  
2.6 Glycogen content 
The liver, heart, kidney and muscle tissues were used for glycogen determination, 
as previously described [20].  
 
2.7 Statistics  
The data were presented as mean and standard error (mean ± SEM) and were 
analyzed for statistical significance using ANOVA and the Duncan post-hoc test (Statistical 
Package for the Social Sciences-SPSS, Chicago, United States - software version 17.0). The 
statistical significance was defined as p < 0.05. All graphs were performed using GraphPad 
Prism (CA, USA).  
 
3. Results 
3.1 Effect of amino acid supplementation on protein expression  
Arginine supplementation increased HSP70 and HSP90 expression above the 
level induced by exercise and in the same extent as did glutamine (Figure 1 A, B). 
Meanwhile, none of the amino acids had a detectable effect, capable to surpass the HSP60 
expression induced by exercise (Figure 1 C). No amino acid or exercise effects were observed 
on HSP25 expression (Figure 1 D). The protection mechanism of dihydrofolate reductase 
(DHFR) that was lost with the stressing exercise was restored to control levels by all amino 
acids, except for leucine (Figure 1 E).  
O-β-acetylglucosaminyltransferase (OGT) of the hexosamine pathway was 
increased by both glutamine and arginine groups comparing to the leucine and vehicle, 




The exercise strongly depressed gluthatione peroxidase (GPx) and superoxide 
dismutase (SOD) (Figure 1 G, H). Both glutamine and arginine supplementation restored the 
levels of GPx, while the isoleucine and valine restored the SOD to the control level. It was not 
found alteration in the catalase expression (Figure 1 I).   
The exercise increased nitric oxide synthase (NOS) expression, while all the 
amino acids reduced the NOS to the control level (Figure 1 J). Among the amino acids, the 
isoleucine showed the highest level of NOS compared to the valine and arginine groups. 
Contrary to the case of NOS, the nitric oxide (NO) levels were not raised by exercise, but 
supplementation with leucine resulted in the highest NO accumulation compared to the 
control and vehicle, but there was no difference among the amino acids (Figure 1 K).   
The nuclear factor-κB (NF-κB) was also elevated after the exercise, but all the 
amino acids drastically reduced NF-κB expression (Figure 1 L). Lipase expression, in turn, 
was not altered by either the exercise or by any of the amino acids (Figure 1 M). Meanwhile, 
the branched-chain alpha-keto acid dehydrogenase (BCKDH) expression was not influenced 
by exercise, but was significantly downregulated by all the BCAAs, arginine and glutamine 
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3.2 Effect of amino acids on immune system 
The data in Table 1 show that a single exercise bout modulated immune markers, 
reducing monocytes, platelet, lymphocytes, erythrocytes, average cell volume (MCV) and 
increasing mean corpuscular hemoglobin concentration (MCHC), neutrophils and leukocytes 
(comparison of control (rest) with vehicle (exercised).  
Glutamine, followed by arginine increased the erythrocytes levels while all 
BCAAs restored erythrocytes to the control level. However, none of the amino acids restored 
the lymphocytes levels that were lowered by exercise. Nevertheless, leucine was the group 
that better preserved lymphocytes levels, besides increasing the leukocytes and restore the 
platelet to the control level. Again, leucine increased exercise-induced neutrophils levels in 
comparison with control. Finally, no response was obtained by either exercise or amino acid 














Table 1. Immune system 
 
Erythrogram  Leukogram 
Erythrocytes Hct Hemoglobin MCV MCHC Leukocytes Neutrophils  Lymphocytes Monocytes Eosinophils Basophils Platelet 
  
 (	L·103) (%) (g/dL) (fL) (g/dL)    (	L)  (	L) (	L) (	L)  (	L)  (	L)  (	L·103) 
Control 7912
c
 (5) 38 (1) 15.85 (0.05) 50.1a (0.01) 39.3b (0.1) 5832b (50) 782e (7) 4892a (42) 56.9a (2.5) 0 (0) 0 (0) 1.041b (6) 
Vehicle  7562
d
 (15) 39 (1) 16.08 (0.04) 48.9b (0.15) 42.95a (0.20) 6230a (100) 2473a (40) 3613d (60) 0d (0) 0 (0) 0 (0) 952c (8) 
Leucine 7775
c
 (15) 38 (1) 16.0 (0.05) 48.8b (0.10) 42.1a (0.11) 5900b (100) 2537a (43) 3245b (45) 118b (2) 0 (0) 0 (0) 1079b (15) 
Isoleucine 7730
c
 (30) 40 (1) 15.65 (0.05) 51.7b (0.2) 39.1a (0.12) 5900b (30) 2596d (9) 3145c (12) 0d (0) 0 (0) 0 (0) 1092a (2) 
Valine 7860
c
 (10) 39 (1) 16.10 (0.04) 49.55b (0.05) 41.2a (0.1) 
 
5200d (20) 2132a (18) 3016e (8) 52c (1) 0 (0) 0 (0) 1013d (10) 
Glutamine 8065
a
 (5) 39 (1) 16.65 (0.05) 48.3d (0.1) 42.65a (0.15) 5250e (10) 2467c (23) 2782f (26) 0d (0) 0 (0) 0 (0) 937c (2) 
Arginine 7920
b
 (20) 38 (1) 15.85 (0.05) 47.95c (0.15) 41.65a (0.2)   5300c (50) 2332b (10) 2968d (10) 0d (0) 0 (0) 0 (0) 1135c (6) 





3.3 Effect of amino acids on blood parameters 
Serum HSP70 levels were enhanced only by arginine supplementation (Figure 2 
A). All the amino acids reduced the glucose levels (Figure 2 B), however there was no 
difference among them. Insulin levels were also reduced after the exercise independently of 
the amino acid administered. Similarly, all the amino acids reduced C-peptide levels 
compared to the control, in which valine has also presented the lowest level (Figure 2 C, D).    
Exercise reduced the serum total proteins and globulin levels regardless of the 
amino acid consumed however the glutamine and the arginine increased the albumin 
preserving its levels after the exercise (Figure 2 E, F, G respectively). Cholesterol, 
triacylglycerols (TG) and high-density lipoproteins levels did not change, thus remaining at 
their basal control levels, while only the exercise had a lowering effect on TG levels (Figure 2 
H, I, J). All amino acids reduced the levels of the incretins GIP and GLP-1 and there was no 
difference among the amino acids (Figure 2 K, L). After exercise, all amino acids were able to 
preserve the thiol content at the control level, although arginine was an exception (Figure 2 
M). 
Exercise increased the aspartate aminotransferase (AST) level, regardless of the 
amino acid and there was no difference among them. Similarly, for alanine aminotransferase 
(ALT) there was also no difference among the amino acids (Figure 2 N, O). With the 






Figure 2. Mean and standard error (Mean ± SEM) for blood parameters: (A) HSP70, (B) 
Glucose, (C) Insulin, (D) C-peptide, (E) Total protein, (F) Globulin, (G) Albumin, (H) 
Cholesterol (I) triglycerides (TG), (J) High-density lipoproteins (HDL), (K) glucose-
dependent insulinotropic polypeptide (GIP) (L) glucagon-like peptide-1 (GLP-1), (M) Thiol, 
(N) aspartate aminotransferase (AST) (O) alanine aminotransferase (ALT) (P) uric acid. 






3.4 Plasma and muscle amino acid profiles after oral gavage  
The amino acid supplementation influenced several muscle free amino acids, but 
had no effect on alanine, tyrosine and phenylalanine (Table 2). As expected, the 
supplementation with BCAAs increased each corresponding amino acid. The exercise effect 
was more evident in the plasma amino acid profile, which, in general, caused reductions in 
several plasma amino acids as shown in Table 3. Consistently with what happened in the 
muscle, arginine and isoleucine supplementation promoted the increase of the respective 
amino acid in plasma. However, after valine and leucine consumption there was no increase 
in the concentration in the plasma. In relation to the plasma glutamine, although it was 
increased in comparison to the control and vehicle, it did not differ from the other amino acids 





Table 2. Mean and SEM for muscle free amino acids profile (	mol/kg) 
Amino acids Control Vehicle Leucine Isoleucine Valine Glutamine Arginine 
































































































































































































































































Phe 82.07 13.17 93.68 3.33 108.00 10.50 86.56 8.53 104.00 9.00 112.65 7.87 84.92 6.85 































Table 3. Mean and SEM for plasma free amino acids profile (	mol/kg)  
 
  Control Vehicle Leucine Isoleucine Valine Glutamine Arginine 













































































Glycine 752,16 88,09 810,00 77,56 835,83 72,85 875,38 67,92 704,94 65,42 803,11 59,27 612,22 89,21 





























































Proline 463,35 39,91 302,95 11,24 380,77 20,03 360,31 9,37 355,86 10,92 351,42 22,66 309,60 27,04 

















































































3.5 Glycogen content   
Liver glycogen content was reduced after the exercise, while all BCAAs and 
arginine were the groups that best preserved the liver glycogen (Figure 3 A). Exercise 
increased the heart glycogen regardless of the amino acid consumed and there was no 
difference among the amino acids (Figure 3 B). Valine group showed the smallest content of 
kidney glycogen compared to leucine and isoleucine, but it did not differ from the control 
group (Figure 3 C). No alteration in the muscle glycogen caused by exercise or amino acid 
was observed (Figure 3 D).  
 
Figure 3. Mean and standard error (Mean ± SEM) for glycogen content: (A) Liver glycogen 
(B) Heart glycogen, (C) Kidney glycogen, (D) muscle glycogen. Different letters represent 







Currently, data on the potential effects of amino acids supplementation on HSP 
are limited, except for glutamine, which is widely recognized for induce HSP stimulation. To 
our knowledge, this is the first demonstration that an acute dose of oral arginine enhances 
HSP expression in skeletal muscle of rats.  
The present results indicate that arginine acts as a protective agent by enhancing 
the HSP70 and HSP90 response. It has been evident that up-regulation of HSPs promotes 
cytoprotection, elicits cell response against stressors of the environment, prevents and/or 
repairs molecular damage caused by stressors and enhances the immune system, thus 
promoting the survival of cells along the stressing period [1,3,21]. Furthermore, HSPs have 
also been considered as a complementary antioxidant system [4]. Although the exact 
mechanism by which arginine promotes activation of HSP70 synthesis remains unclear, the 
data here presented show for the first time that supplementation with L-arginine enhances 
HSP expression in the skeletal muscle of exercise-stressed rats, to an extent similar to that of 
L-glutamine. 
Moreover, our data have shown that HSP70 and HSP60, but not HSP90 or 
HSP25, expression could be stimulated by a single exercise bout, in accordance with the 
knowledge that exercise can increase HSP response by elevating the body temperature 
(thermal stress), fatigue and other metabolic alterations [5, 22].  
In humans, Zuhl et al. (2015) demonstrated that the administration of only one 
dose of glutamine before intense exercise was sufficient to induce HSP70. In the present 
study, we show that either arginine or glutamine supplementation, given immediately after 
acute exercise, were equally capable of stimulating HSP70 up-regulation.     
The choice of testing the effects of BCAAs on HSP response was based on a 




responsible for the capacity of the whey to elevate the expression of HSPs [16]. The choice of 
arginine was based on an in vivo study showing that L-arginine increases HSP70 in pig 
intestine [15]. Glutamine was obviously included for comparison. Although bioactive effects 
of the whey protein on HSPs could be attributed to its high content of BCAAs [16], data in 
the present study indicate that supplementing with isolated, individual BCAAs, no HSP 
response was observed. However, according to a previous study, BCAA-containing 
dipeptides have shown to stimulate the HSP expression [17].   
A previous in vitro study investigated if arginine, histidine, glutamate, proline, 
alanine and glycine isolated, would cause the same response on HSP as glutamine. The data 
revealed that none of the amino acids was capable of inducing the HSP, as glutamine did [23]. 
Another study reported that despite supplementation with arginine to preserve the integrity of 
muscle fibers, there were no changes in mRNA expression of HSP70 and HSP90 in exercised 
rats [24]. 
Amino acid deprivation seems to limit the heat shock factor (HSF1) activity, 
which plays an important role in the synthesis of HSPs. Cells culture with either leucine, 
lysine or glutamine deprivation showed reduced HSF1 activity, as well as HSPs mRNA 
levels. Thus, it is suggested that amino acid deprivation can compromise the defense capacity 
of the organism, since it may leads to the reduction of the HSPs synthesis [25].  
Dihydrofolate reductase (DHFR) is one of the mechanisms responsible for the 
protective effects of HSP70 and it was included in this study because it has been suggested 
that, under stress conditions, HSP70 may bind to DHFR and inhibit the access of pro-oxidants 
to the thiol group of DHFR. The HSP70-DHFR complex, in turn, may prevent structural 
alterations thus preserving the functions of DHFR [26]. However, our results did not show 




Studies in vitro have also reported that OGT from the hexosamine pathway could 
be involved in the capacity of glutamine to induce HSPs expression [27]. We tested the OGT 
in vivo and observed that the glutamine and the arginine groups that increased the HSP70 and 
HSP90 also showed higher values of OGT, although not statistically different from the 
isoleucine and valine groups - that did not up-regulate HSP expression.   
The influence of HSP70 on nitric oxide (NO) production, and vice versa, was 
explored by Malyshev et al. (1995), who concluded that inhibition of NO was responsible for 
a drastic reduction in HSP70 in the liver and heart of rats, thus suggesting that the formation 
of NO was involved in the regulation of the HSP70 content, after heat shock stress. In 
contrast, Kiang (2004), reported that the increase in HSP70 coupled with a reduction in nitric 
oxide synthase (NOS) expression, may protect tissues against hemorrhagic shock injury 
(ischemia/reperfusion), because this injury can promote an overexpression of NOS and 
consequently of NO production, thus aggravating the hemorrhagic shock condition. It is 
believed that a complex HSP70-NOS is formed resulting in inactivation of NOS and lower 
NO production as a mechanism to protect against hemorrhagic injury. The present data do not 
indicate an association between the levels of NO or NOS and HSP70, be it by the concept 
proposed by Kiang (2004) or Malyshev et al. (1995), and this could be due to the differences 
in the kinds of stress evaluated, animal models, experimental protocols and the tissues 
analyzed.  
In addition, it has been reported that exercise can elevate NO through several 
mechanisms, including one mediated by the increase of NOS [30]. In the present study, we 
have found high values of NOS after the exercise (vehicle), however the levels were reduced 
after amino acid supplementation. Despite the observed increase in NOS expression in the 




bout. Other authors have suggested that it may be necessary from 2 to 4 weeks of exercise 
training to produce an increase in NO production [31].  
It has been suggested that the HSPs, and particularly HSP70, may influence the 
immune system, including under inflammation situations. However, the inflammatory 
response promoted by HSP70 seems to depend on its location, whether intracellular (anti-
inflammatory effect) or extracellular (HSP-circulating pro-inflammatory) [6]. In the present 
results we have found increase in the HSP70 serum levels after arginine supplementation, yet 
without an increase in NF-κB expression, which is responsible for inducing the pro-
inflammatory cascade.       
After exercise an immunosuppression condition may occur [6] known as open 
window [32]. The consumption of nutritional supplements including amino acids may be used 
to attenuate immunosuppression [6]. It has been established that the use of L-glutamine 
increases the immune function by several mechanisms, including the increase in the 
neutrophil and lymphocyte activity. The use of L-arginine plays an important role in the NO 
production through NOS, which can activate the immune system. However, the response after 
exercise was not clearly defined, and results are still controversial. In spite of the important 
role in the immune function in situations of infection and malnutrition, it should be pointed 
out that the effects of consuming the BCAAs under exercise training on the immune system 
seem to be also an unresolved issue. Furthermore, it is believed that the capacity of the 
BCAAs to improve the immune function can be associated to glutamine metabolism, once the 
supplementation of the BCAAs can stimulate the glutamine synthesis through the 
involvement of glutamate and glutamine synthetase [6]. In the present study we have 
demonstrated that all the amino acids elevated the plasma glutamine, thus all amino acids 




immune system, however they do not influence the glutamate. In summary, the data generally 
indicated that leucine was the amino acid that best stimulated the immune response.  
As is known, exercise increases oxygen consumption, which can lead to a higher 
formation of free radicals, mainly in the case of acute exercise or if performed with 
inadequate training. Previous data have indicated that the chronic consumption of BCAAs 
mixture enhance SOD, GPx and catalase on heart, diaphragm, soleus and tibialis in both 
sedentary and exercised animals, and still promote survival and extend life span. Moreover, 
BCAAs supplementation was able to preserve the muscle fiber and extend the time to 
exhaustion following a treadmill test [33]. However, we have found that a single dose of 
isolated isoleucine or valine restored the SOD expression, but without finding any influence 
on GPx or catalase in soleus muscle. We additionally noted that no leucine effect on the 
antioxidant system. Perhaps, a more prolonged consumption of BCAAs would be necessary to 
observe more pronounced effects. Another effect observed in the current study, was that the 
arginine restored antioxidant expression (GPx) in accordance with previous results in vivo 
and in vitro showing that arginine supplementation enhances antioxidant system [34, 35].  
As the free amino acid profiles indicated, the exercise brought down the plasma 
levels of most nutritionally indispensable amino acids, and individual supplementations with 
the BCAAs did not avail to recover the levels.  Meanwhile, it was noticed that the depressed 
levels of glutamine were recovered by supplementing, not only with glutamine, but also with 
either of the three BCAAs, and additionally, with arginine. The free amino acid profiles in 
muscle (Table 3) indicated that, three hours after the exercise bout, the levels of glutamine 
were only slightly altered, thus showing that the effect of each supplementation had little 
influence on muscle glutamine. While arginine was drastically reduced by exercise, all 
supplementations were capable of restoring the levels, particularly with isoleucine, arginine 




the levels of muscle free BCAAs, supplementation with valine resulted in an increase of this 
amino acid of about five-fold, contrasting with the moderate increases seen for leucine and 
isoleucine. Comparing the changes occurring in the plasma with those in muscle, it was 
possible to note that, while valine underwent a strong reduction in the plasma, there occurred 
a great accumulation in the muscle. Interestingly, despite the changes in the free amino acid 
profile, we found a reduction in BCKDH expression after supplementation, thus these results 
may suggest that the utilization of the five amino acids was not primarily for energy 
production. BCKDH plays an important role in the BCAAs catabolic pathway.  
Regarding the blood parameters, the reduction found in glucose levels can be 
related to the exercise, since it promotes a translocation of GLUT4 favoring the glucose 
uptake, while no association with any amino acid administered was observed. In relation to 
insulin, it is also known that the glucose uptake during exercise is done without insulin, which 
was also reduced after exercise, regardless of the amino acid consumed.  
Moderate and acute exercise may increase transaminases levels and consequently, 
elevate the levels of AST and ALT. It should be pointed out that although these parameters 
were increased, according with Pettersson et al. (2007), muscular exercise could cause 
elevation of AST and ALT levels for approximately 7 days in healthy livers.  
Previous evidence indicates that some amino acids can influence the glycogen 
reserves, and such amino acids include the BCAAs [37, 38]. Leucine supplementation has 
been shown to preserve the glycogen degradation ratio in both liver and muscle when 
compared to the use of a mixture of BCAAs in trained rats submitted to exhaustion. However, 
although leucine preserves glycogen from degradation, no increase was observed in the 
absolute muscle glycogen content that also did not differ from the mixture of the BCAAs. In 
the liver, either leucine or a mixture BCAAs can lead to an increase in total liver glycogen 




exercise, it was shown that leucine increased the liver glycogen compared to isoleucine and 
there was no influence in the muscle glycogen [38]. In the present results, all BCAAs and 
arginine preserved hepatic glycogen, however, without affecting the muscle glycogen. The 
variations found in the dose, in the exercise protocol, in the use of the BCAAs (individually or 
together) can justify the different results.      
In conclusion, the current data indicated that arginine is capable of increasing the 
HSP70 and HSP90 expression in muscle and HSP70 in the serum of exercised rats, thus 
suggesting that this may be part of the mechanism through which arginine exerts several of its 
known tissue-protective functions, including the ability of restoring the antioxidant system 
following a stressing situation. Such increases were not accompanied by increases in NFκB. 
Supplementation with the BCAAs did not up-regulate the HSP expression, but stimulated 
parameters such as the immune system, especially in the case of leucine. In general, under 
stress conditions amino acid supplementation may lead to positive molecular adaptations and 
protective effects, which could improve health or attenuate eventual tissue injuries.    
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Diante dos resultados obtidos com os 3 experimentos (usando a proteína do soro 
do leite como fonte proteica da dieta, os peptídeos contendo BCAAs e os aminoácidos) 
podemos ressaltar de maneira abrangente que os compostos proteicos podem influenciar a 
expressão das HSPs.  
Em estudo anterior reportou-se que o consumo da proteína do soro do leite 
hidrolisada (PSLH) aumentou a expressão da HSP70 em diferentes tecidos de ratos 
submetidos ao exercício em esteira rolante (De Moura et al., 2013). Agora, nós buscamos 
avançar e explorar mais extensamente esse fenômeno. Assim, o objetivo geral foi investigar 
se o consumo das diferentes frações proteicas do leite (proteína do soro do leite concentrada 
(PSL), hidrolisada (PSLH) e caseína como controle), como fonte proteica na dieta, 
influenciaria a expressão de outras HSPs e parâmetros relacionados. Os resultados desse 
primeiro experimento, em geral, mostraram que somente a forma hidrolisada da proteína do 
soro do leite afetou as HSPs, e que provavelmente essa contenha peptídeos bioativos com a 
habilidade de elevar a expressão das HSPs. Baseado nesses resultados, em um segundo 
experimento avaliamos o efeito de quatro dipeptídeos bioativos formados por BCAAs, 
conhecidos por estarem presentes na PSLH sob as HSPs e marcadores relacionados. Ainda, 
um terceiro experimento foi realizado para investigar o efeito dos aminoácidos de cadeia 
ramificada, glutamina e arginina isolados nas HSPs.     
Os resultados mostraram que o consumo da PSLH induziu o aumento na 
expressão da HSP90 em músculo esquelético de ratos em ambos os grupos, sedentários e 
exercitados comparado a proteína do soro do leite concentrada e caseína. Juntamente com a 
elevação da HSP90, o consumo da PSLH também promoveu o aumento na expressão de sua 
co-chaperone Aha1, na qual é conhecida por acelerar transições conformacionais e facilitar a 




al., 2012; Lanneau et al., 2008).  A Aha1 pode ser também regulada pelo estresse junto a 
HSP90, e especula-se que a Aha1 esteja envolvida nos processos de enovelamento mediado 
pela HSP90 (Mayer et al., 2002). 
Nenhum efeito da fonte proteica presente na dieta ou exercício foi observada na 
expressão da HSP60 consistente com o conceito de que essa eleva-se sutilmente em situações 
de estresse (Lanneau et al., 2008), o mesmo foi verdadeiro para HSP25. Para outros tipo e 
fontes de estresse a HSP60 parece ser mais responsiva, como por exemplo, no caso da doença 
de Alzheimer (Jiang et al., 2013).     
O peptídeo Leu-Val aumentou a expressão muscular da HSP70, HSP25 e HSP90, 
enquanto que lle-Leu elevou a expressão da HSP60 e HSP70 ambas no músculo esquelético e 
a HSP70 no plasma. Esses resultados indicam que o dipeptídeo Leu-Val contribui de maneira 
efetiva e pode estar provavelmente envolvido na capacidade da proteína do soro do leite 
hidrolisada em estimular a resposta das HSPs. Similarmente, o peptídeo lle-Leu parece 
também contribuir para esse efeito. Adicionalmente, os peptídeos Leu-Val e lle-Leu 
aparentemente afetam as HSPs de formas diferentes e independentes, sendo que Leu-Val 
parece sinalizar efeitos em tecidos periféricos afetando um maior número de HSPs (HSP90, 
HSP70, HSP25), enquanto que lle-Leu parece afetar simultaneamente plasma e músculo no 
caso da HSP70, com potenciais implicações sistêmicas, porém afetando somente a HSP70 e 
HSP60.    
Já o experimento com os aminoácidos indicaram que a arginina atua como um 
agente protetor, pois foi capaz de elevar a expressão da HSP70 e HSP90, inclusive na mesma 
intensidade que a glutamina. Os resultados também mostraram que a arginina estimulou a 
HSP60, desta vez em associação ao exercício e foi mais eficaz quando com a suplementação 
com isoleucina e valina. Apesar de o exato mecanismo pelo qual a arginina promove a 




suplementação com a arginina estimula as HSPs no músculo esquelético de ratos exercitados, 
na mesma extensão que a glutamina, podendo ser um aminoácido alternativo relevante para a 
indução das HSPs e proteção celular in vivo. Interessantemente, embora os dipeptídeos 
contendo BCAAs induziram a expressão das HSPs, os BCAAs isolados e separados não 
foram capazes de fazer o mesmo.  
HSP90 é essencial para a viabilidade de células eucariontes e é abundantemente 
expressa, mesmo em células que não passaram por nenhum fator estressante, enquanto que 
sua concentração pode aumentar em resposta a situações de stress (Garrido et al., 2001; 
Csermely et al., 1998). Esse conceito é consistente com os nossos resultados para sedentários 
(células não-estressadas) e exercitados (células estressadas). De acordo com a literatura, o 
aumento na expressão da HSP90 possui efeito citoprotetor (Maglara et al., 2003), promove 
proteção do músculo esquelético em animais exercitados (Kinnunen et al., 2009), aumenta a 
resistência e tolerância celular (Csermely et al., 1998), e protege contra o acúmulo de espécies 
reativas de oxigênio, reduzindo a sua toxicidade (Lee et al., 2005). Portanto, nossos resultados 
indicam que o consumo da PSLH e o peptídeo Leu-Val podem favorecer o sistema de defesa 
representado pela HSP90.  
Evidências indicam que a indução da HSP70 promove tolerância ao estresse 
celular (Santoro, 2000), citoproteção de fibras musculares sobrevida celular (Brinkmeier & 
Ohlendieck, 2014), além da preservação da função muscular (Silverstein et al., 2014). 
Similarmente, o acúmulo da HSP25 no músculo está envolvido na organização da matriz 
intracelular, preservação e resistência da estrutura celular (Gernold et al., 1993), reparação do 
dano muscular (Huey et al., 2013) e a prevenção do dano térmico e oxidativo (Musch, Kapil, 
& Chang, 2004). Animais com o gene HSP25 silenciado percorrem distâncias menores, tem 
níveis reduzidos de proteínas contráteis e atingem mais rapidamente a fadiga em comparação 




manter a função muscular adequada (Huey et al., 2013). Ambas HSP70 e HSP25, portanto, 
promovem resistência (Gernold et al., 1993) e proteção dos tecidos inclusive durante o 
exercício (Huey et al., 2008).         
Tecidos que não passaram por injúria expressam baixos níveis de HSP70 (Rohde 
et al., 2005), consistente com os nossos resultados para o controle (repouso). Enquanto que o 
exercício promove a indução da HSP70 (Milne & Noble, 2002; Salo et al., 1991), o qual 
também está de acordo com ao nossos resultados, visto que independente do peptídeo 
consumido, o exercício causou o aumento na HSP70.  
O fator de transcrição HSF1 é importante no processo de transcrição das HSPs, 
pois é rapidamente ativado e está presente na maioria dos eucariontes e em muitos tipos de 
estresse. A privação de aminoácidos parece limitar a atividade do fator de transcrição HSF1, 
responsável pela síntese das HSPs. Cultura de células com privação de leucina, lisina e 
glutamina mostrou reduzir o HSF1, bem como os níveis das HSPs. Portanto, isso indica que 
os aminoácidos podem comprometer a capacidade de defesa do organismo, uma vez que pode 
levar a redução na síntese das HSPs (Hensen et al., 2012). O consumo da PSLH promoveu o 
aumento na fosforilação do HSF1 em animais exercitados, consistente com o aumento 
encontrado na expressão da HSP90. Podendo ser esse um mecanismo/caminho pelo qual a 
PSLH é capaz de sinalizar a expressão das HSPs. Entretanto, a PSLH aumentou a HSP90 
também em sedentários, porém não afetou o HSF1 nesse grupo, colocando em dúvida esse 
mecanismo direto de indução. Pode ter ocorrido uma saturação do HSF1, que se faz 
rapidamente em segundos, ou que já não houvesse mais a necessidade de produzir HSPs, ou 
ainda que a PSLH sinalize outro mecanismo indutor das HSPs. Existem outros HSFs como o 
HSF2 e HSF3 que poderiam ter sido afetados pela PSLH, porém a literatura reporta que a 
função e capacidade do HSF1 na síntese das HSPs não podem ser compensadas por outro 




É bem estabelecido que a glutamina é capaz de elevar a expressão de diferentes 
HSPs. Estudos in vitro tem sugerido que proteínas chave da via de biossíntese da hexosamina, 
a GFAT e o OGT, na qual glicosila fatores de transcrição, poderiam estar envolvidas na 
capacidade desse aminoácido (Hamiel et al., 2009). Nós testamos essas proteínas in vivo, e 
investigamos se a proteína do soro do leite, seus dipeptídeos e aminoácidos livres poderia 
também mostrar algum envolvimento na via da hexosamina, porém os dados não indicam 
nenhuma relação entre a elevação das HSPs causada pela PSLH ou peptídeos com essa via. A 
glutamina e a arginina que aumentaram a HSP70 e HSP90 também mostraram valores mais 
elevados de OGT, porém não foi estatisticamente diferente dos grupos isoleucina e valina que 
não influenciaram a expressão de nenhuma HSP. Portanto, esses dados podem indicar que a 
associação entre glutamina e OGT não parece ser válida para outros aminoácidos além da 
glutamina ou em estudo in vivo.  
 Diversos efeitos protetores causados, em especial, pela indução da HSP70 são 
conhecidos, porém o mecanismo não tem sido completamente elucidado. Um dos 
mecanismos sugeridos para explicar os efeitos protetores da HSP70 é mediado por sua 
interação com o diidrofolato redutase (DHFR) (Musch et al., 2004). DHFR é uma enzima 
responsável por catalisar a formação do cofator tetrahydrofolate, o qual é essencial em várias 
reações fundamentais, como a biossíntese de nucleotídeos e aminoácidos (Musch et al., 2004). 
Em condições de injúria, a HSP70 se liga ao DHFR bloqueando o acesso de oxidantes e, 
portanto previnendo a oxidação do grupamento tiol do DHFR. Essa interação (HSP70-DHFR) 
protege e previne modificações estruturais e consequentemente mantendo a estabilidade e 
função do DHFR (Musch et al., 2004). Nossos resultados indicam que as mudanças na 
expressão do DHFR seguiram a elevação da HSP70 causada pelo consumo do peptídeo Leu-
Val, sugerindo que esse peptídeo promove um importante mecanismo protetor associado ao 




sem afetar a expressão do DHFR. Similarmente ao que ocorreu com o peptídeo lle-Leu, 
nenhum dos aminoácidos isolados mostraram qualquer relação entre o aumento nas HSPs, 
DHFR ou conteúdo de tiol. 
Tem sido também proposto que as HSPs possam modular as respostas do sistema 
imune, entretanto os mecanismos são pouco compreendidos. A resposta inflamatória 
promovida pelas HSPs parece ser dependente da sua localização, se intracelular (ação anti-
inflamatória) ou extracelular (HSP circulante – pró-inflamatória) (Multhoff, 2007; Cruzat et 
al., 2014), da família, bem como do tipo de célula imune na qual a HSP interage (Pockley et 
al., 2008). A suplementação com o peptídeo lle-Leu e arginina aumentou os níveis séricos da 
HSP70 (extracelular), porém não elevou a expressão do NF-kB, o qual é responsável pela 
indução da cascata pró-inflamatória.  
O Leu-lle aumentou ao mesmo tempo as interleucinas pró e anti-inflamatórias (IL 
1β e IL 10) em comparação com os outros peptídeos, porém apesar de estar elevado, este não 
diferiu do controle. Em humanos, Kerasioti et al. (2013) mostrou uma tendência à elevação da 
interleucina anti-inflamatória IL10 após o exercício intenso suplementado com whey.  
 Alguns estudos reportam que a proteína do soro do leite promove a reposta e 
função imune (Solak et al., 2012; Rusu et al., 2010; Ha et al., 2003; Marshall, 2004). Em 
contraste, alguns estudos não relatam a influência do consumo de proteínas do leite em 
parâmetros do sistema imune (Hulmi et al., 2010; Kreider et al., 2007; Nelson et al., 2013). 
Entretanto, poucos estudos exploram o efeito de peptídeos bioativos do leite no sistema 
imune. Os peptídeos Tyr-Gly-Gly and Tyr-Gly, isolados da proteína do leite, têm sido 
implicados na capacidade imunomodulatória, porém, sem que os mecanismos tenham sido 
elucidados (Sharma et al., 2011). Ainda, tem sido proposto que os BCAAs podem também 




A imunossupressão pode ocorrer após o exercício (Cruzat et al., 2014), um 
fenômeno conhecido como “open windown” (Nieman, 2007). O consumo de suplementos 
nutricionais incluindo aminoácidos pode ser usado para atenuar esse quadro (Cruzat et al., 
2014). O uso da glutamina tem demonstrado aumentar a função imune por diversos 
mecanismos, incluindo o aumento na atividade de neutrófilos e linfócitos. A arginina também 
tem sido relacionada com a melhora do sistema imune protegendo os pacientes e reduzindo a 
incidência de infecções, porém os mecanismos de ação ainda não estão esclarecidos (Yoneda 
et al., 2009), bem como sua influência no sistema imune durante o exercício apresenta efeitos 
controversos (Cruzat et al., 2014). Reporta-se que arginina pode auxiliar na restauração do 
conteúdo de linfócitos. Inclusive na década de 80, devido a essas observações oriundas da 
suplementação com arginina, foi criada uma dieta comercial com apelo para elevar a 
imunidade e reduzir a gravidade das infecções. A adição de arginina era de 8 a 30g/dia, além 
disso outros compostos com alegações imunomodulatórias também foram adicionados nessa 
dieta que ficou conhecida como “immune-enhancing diets” (Popovic et al., 2007).       
O consumo dos BCAAs também tem sido associado com respostas do sistema 
imune, sendo importantes para o crescimento e proliferação de linfócitos. Monirujjaman & 
Ferdouse (2014) relatam que a restrição dos BCAAs pode prejudicar o sistema de defesa e 
que a suplementação com esse grupo de aminoácidos é capaz de elevar os níveis de linfócitos 
além de favorecer parâmetros imune e acelerar o processo de recuperação pós cirúrgico. 
Bassit e colaboradores (2000) demonstraram que a suplementação com BCAAs para atletas 
submetidos ao exercício intenso e de longa duração reverteu a redução plasmática de 
glutamina induzida pelo exercício e aumentou a resposta dos linfócitos. Estudos em cultura de 
células mostram que a proliferação de linfócitos é prejudicada quando ocorre a redução 
acentuada de BCAAs, porém que pouco é afetada pelo aumento excessivo (acima dos níveis 




suplementação da dieta com BCAAs melhorou os níveis de linfócitos, similares aos nossos 
dados (Calder 2006). Nossos resultados mostram que todos os aminoácidos elevaram a 
glutamina plasmática e que portanto poderiam ter potencial contra a imunossupressão uma 
vez que o efeito da glutamina no sistema imune é amplamente estabelecido. Em geral, os 
dados indicam que a leucina foi o aminoácido que melhorou estimulou a resposta imune. Com 
relação aos peptídeos, lle-Leu elevou os leucócitos e neutrófilos, além da melhor preservação 
dos níveis de linfócitos, indicando que a imunossupressão induzida pelo exercício pode ser 
atenuada pelo peptídeo lle-Leu.  
A capacidade antioxidante da proteína do soro do leite já foi descrita por outros 
autores (Zhang et al., 2012; Gad et al., 2011). Em nosso experimento o exercício reduziu a 
expressão da catalase em comparação ao grupo sedentário. Esses resultados estão consistentes 
com outros achados (Pinho et al., 2006; Higuchi et al., 1985). Em contraste, alguns estudos 
tem demonstrado um aumento na catalase em músculo esquelético após o exercício (Powers 
et al., 1994; Terblanche, 2000). Em músculo esquelético humano, a catalase foi mensurada 
diariamente desde o pré exercício até 6 dias após o exercício (time-course ou cinética de 
tempo), porém não mostrou nenhuma tendência ou linearidade conclusiva (Khassaf et al., 
2001). Esses resultados controversos foram também encontrados para SOD (Oh-ishi et al., 
1997; Higuchi et al., 1985; Fridovich, 1978). O estudo cinético de Khassaf et al. (2001) 
mostrou que houve uma significante redução nos níveis da SOD em músculo esquelético após 
o terceiro dia que continuou declinando até o sexto dia pós-exercício. Nos nossos resultados, 
os níveis de GPx não diferiram entre os grupos, mesmo que uma redução na GPx após a 
execução do exercício já tenha sido reportada anteriormente (Aguiló et al., 2005). Esses 
resultados sugerem que as enzimas antioxidantes no músculo esquelético podem ser 
modulados independentemente e diferencialmente influenciados pela dieta e exercício. Com 




antioxidante, indicando que o Leu-Val possa ser um dos peptídeos envolvidos na 
capacidade/efeito do antioxidante da proteína do soro do leite. 
Sabe-se que o exercício aumenta o consumo de oxigênio e que pode levar a 
formação de radicais livres, principalmente no caso de exercício agudo. Os dados 
apresentados por D’Antona et al., 2010 mostram que o crônico consumo de uma mistura de 
BCAAs aumenta a expressão das enzimas SOD, GPx e catalse em coração, diafragma e 
músculo esquelético em animais sedentários e exercitados, também sendo capaz de preservar 
a integridade da fibra muscular e estender o tempo de exaustão. Entretanto, nossos resultados 
mostraram que uma única dose de isoleucina e valina isoladas restauraram somente a SOD 
após a sua redução causada pelo exercício, mas não influenciaram a GPx ou catalase. Talvez, 
o consumo prolongado de BCAAs seja necessário para observar efeitos mais pronunciados. 
Outro efeito observado foi que a arginina restaurou a GPx consistente com outros autores 
mostrando que a suplementação com arginina estimula o sistema antioxidante (Shan et al., 
2013; Da Silva & Lambertucci, 2015). 
Outro significativo resultado foi o aumento na expressão da VEGF promovido 
pelo consumo da PSLH e PSL associado ao exercício. O VEGF representa um importante 
fator na angiogênese, no qual pode favorecer o fornecimento de oxigênio e substratos 
nutricionais para os tecidos. Ainda, em condições de estresse o VEGF pode promover 
sobrevivência celular (Byrne et al., 2005). Os peptídeos contendo valina (Val-Leu e Leu-Val) 
poderiam ter uma importante contribuição na elevação do VEGF induzida pela PSLH. 
Apesar de o peptídeo lle-Leu ter aumentado a HSP70 no plasma e no músculo, 
esse peptídeo produziu o menor nível de leucina livre no músculo e alta no plasma. Por outro 
lado, o peptídeo Leu-Val, que elevou os níveis de HSP25, HSP90 e HSP70 no músculo, mas 
não afetou a HSP70 no plasma, produziu o maior nível muscular de leucina e baixo no 




de aminoácidos livres. Entretanto, espera-se que os peptídeos bioativos se degradem após 
cessar as suas funções. Em geral, cada peptídeo alterou os níveis dos seus aminoácidos 
constituintes, sugerindo que os peptídeos tenham a capacidade de modular o metabolismo, 
induzindo mudanças nos perfis aminoacídicos periféricos e sistêmicos, noção consistente com 
o papel sinalizador dos peptídeos bioativos. Após cumprida essa missão, nada impediria que 
os aminoácidos liberados cumpram uma nova missão, antes mesmo de serem utilizados no 
chamado metabolismo intermediário, na síntese de novas proteínas ou hidrolisados. Foltz e 
colaboradores (2007) reportaram que o tripeptídeo lle-Pro-Pro, derivado do leite e com 
alegação anti-hipertensiva, foi encontrado em sua forma intacta na circulação de humanos. 
Portanto, os peptídeos têm mostrado resistência à ação das enzimas gástricas e pancreáticas. O 
mesmo pode ter ocorrido no presente estudo, no qual os dipeptídeos podem também ter 
alcançado o tecido alvo intactos, porém infelizmente, nossa pesquisa não chegou a constatar a 
presença dos dipeptídeos no sangue, somente o perfil de aminoácidos livres. Outra observação 
interessante foi que os peptídeos que continham apenas BCAAs influenciaram outros 
aminoácidos além dos seus constituintes. Os resultados do time-course indicam que houve 
uma liberação tardia dos aminoácidos livres, em geral alcançando seu pico por volta de 45 
minutos. 
A respeito do perfil de aminoácidos livres, após a suplementação com os 
aminoácidos, observou-se que o exercício reduziu drasticamente os níveis de glutamina e a 
suplementação não somente com glutamina mas com cada BCAAs e também a arginina foi 
capaz de recuperar a glutamina. Já no músculo o exercício não exerceu muitos efeitos nos 
níveis dos BCAAs, enquanto que a suplementação com valina resultou no seu maior aumento 
contrastando com a moderada elevação encontrada na isoleucina e leucina. Interessantemente, 
apesar das variações nos perfis de aminoácidos livres, a ativação do BCKDH, um fator 




Portanto esses dados indicam que a utilização dos aminoácidos não foi primariamente para 
produzir energia.      
O processo de reparação e recuperação de músculos danificados pode depender 
entre outros fatores, da produção de óxido nítrico (NO) (Filippin et al., 2009). Em ratos, ON 
está relacionado com a densidade da fibra muscular, força, regulação do diâmetro do vaso 
sanguíneo, modulação do tônus vascular e aumento do fluxo sanguíneo (Radegran & Hellsten, 
2000). A formação de NO em reposta a contrações musculares regula e aumento o fluxo 
sanguíneo no músculo esquelético, o qual favorece e acelera a chegada de oxigênio, 
nutrientes, hormônios e glicose  (Radegran & Hellsten, 2000; Kingwell, 2000). Como 
resultado, o estoque energético deve ser preservado (Kingwell, 2000). É sabido que o 
consumo da PSLH preserva o estoque de glicogênio (Morifuji et al., 2005) por meio de 
mecanismos que envolvem a glicogênio sintase e aumento da translocação do GLUT4 
(Morato et al., 2013; Morifuji et al., 2005). Entretanto, esses estudos não avaliaram os níveis 
de NO. O presente estudo mostra que somente a PSLH elevou o conteúdo de NO, o qual 
poderia ser um mecanismo alternativo e/ou concomitante na preservação do glicogênio, bem 
como estar envolvido na capacidade da PSLH em acelerar a recuperação e redução de dano 
muscular (Lollo et al., 2011), além de poder prolongar a permanência do animais executando 
o exercício. Entretanto, nenhum dos peptídeos afetou os níveis de NO. Essa hipótese é 
consistente com os resultados de glicogênio hepático onde a PSLH preservou seus níveis. 
Entretanto essa relação PSLH e NO pareceu válida somente no fígado.       
O exercício também pode elevar os níveis de NO por meio de diversos 
mecanismos, incluindo o aumento na expressão da óxido nítrico sintase (NOS), a qual é um 
importante reguladora durante o exercício (Kingwell, 2000). Os nossos dados revelam que 
apesar do aumento na expressão da NOS causado pelo consumo do lle-Leu, Leu-lle e Val-




Estudos em animais mostram que o exercício prolongado de 2 a 4 semanas pode ser 
necessário para elevar a NO (Green et al., 2004).  
 A influencia da HSP70 sob a produção de óxido nítrico (NO), e vice-versa, foi 
explorada por Malyshev et al. (1995), que concluiu que a inibição de (NO) foi responsável 
pela drástica redução na HSP70 e portanto sugeriu que a formação de NO esteva envolvida na 
regulação dos níveis de HSP70 após estresse térmico. Em contrapartida, Kiang (2004) 
reportou que o aumento na HSP70 juntamente com a inibição na oxido nítrico sintetase 
(ONS) pode proteger tecidos contra a isquemia e reperfusão, uma vez que esse injuria pode 
promover um grande aumento na expressão da ONS e consequentemente elevar a produção 
NO podendo agravar a condição. Sugere-se que o complexo HSP70-ONS é formado a partir 
da inativação da ONS e redução da produção de NO como um mecanismo para proteger 
contra injúria. Os resultados do presente estudo não indicam nenhuma associação entre os 
níveis de NO, ONS e HSP70 seja pelo conceito proposto por Kiang (2004) ou Malyshev 
(1995). Essa variação pode ser devido as diferenças nos tipos de estresse avaliados, modelos 
animais, protocolos experimentais e tecidos analisados.     
Evidencias sugerem que alguns aminoácidos, incluindo os BCAAs podem 
influenciar o conteúdo de glicogênio (Campos-Ferraz et al., 2013; Morato et al., 2013). A 
suplementação com leucina foi capaz de preservar a taxa de degradação do glicogênio 
hepático e muscular quando comparado a uma mistura de BCAAs em ratos treinados 
submetidos a exaustão (Campos-Ferraz et al., 2013). Outro estudo usando isoleucina e leucina 
isoladas mostrou que a leucina elevou o conteúdo de glicogênio no fígado comparado a 
isoleucina e não houve influencia no glicogênio muscular (Morato et al., 2013). Nossos 
resultados mostram que todos os BCAAs e a arginina preservaram o glicogênio hepático, 




de exercício e protocolo, na forma de uso dos BCAAs de individualmente ou juntos podem 
justificar as diferenças encontradas.        
O exercício de resistência pode estimular a expressão da PGC-1α (Hill et al., 
2013; Lira et al., 2010). Mesmo uma única sessão de exercício exerce esse efeito (Hill et al., 
2013). Esse conceito está de acordo com nossos achados, porque o PGC-1α estava elevado em 
todos os grupos exercitados, com exceção do Val-Leu. O aumento na expressão do PGC-1α 
está associado com a melhora do metabolismo oxidativo, sensibilidade a insulina e estímulo 
da biogênese mitocondrial (Lira et al., 2010). Apesar de muitos estudos apontarem que o 
PGC-1α está intimamente envolvido na biogênese mitocondrial (Hill et al., 2013; Lira et al., 
2010; Pilegaard et al., 2003), foi também reportado que o PGC-1α de camundongos não afeta 
a biogênese mitocondrial induzida pelo exercício, o qual permanece intacto e sem 
anormalidades (Rowe et al., 2012).   
Outro efeito conhecido a respeito do consumo da proteína do soro do leite, rica 
fonte de BCAAs, é o estímulo na síntese muscular por meio da via da mTOR. Lollo et al. 
(2012) mostraram que a suplementação com leucina ativou a via mTOR independente da 
fonte proteica consumida (caseína ou PSL). Nossos resultados sugerem que o peptídeo Leu-
Val poderia contribuir para o efeito de síntese muscular provocado pelo consumo da proteína 
do soro do leite, visto que ativou a fosforilação de ambos mTOR e 4EBP1, porém, sem haver 
aumento da massa muscular após uma única sessão de exercício agudo.   
O consumo da PSLH também tem mostrado atenuar o acúmulo de gordura 
corporal por meio do aumento da oxidação de ácidos graxos no músculo (Ichinoseki-Sekine et 
al., 2014). Similarmente, nossos resultados mostram que todos os peptídeos aumentaram a 
expressão da lipase e reduziram o colesterol e triacilgliceróis.  
Sabe-se que IDE (insulin degrading enzyme) está envolvida na degradação da 




leite ou peptídeos na IDE. Além disso, pouco é conhecido sobre os fatores que afetam e 
controlam a expressão da IDE, bem como o seu efeito no controle glicêmico. Estudo proposto 
por Kim et al., (2011) mostrou que o treinamento de natação com duração de 4 semanas 
elevou a expressão da IDE em ratos. O autor sugere que a redução nos níveis de insulina 
causada pelo exercício pode estar mais relacionada com o aumento no clearance do que com 
mudanças na liberação da insulina. Entretanto, no presente estudo, nós não encontramos 
aumento na expressão da IDE após uma única sessão de exercício agudo, a qual estava 
reduzida após o consumo dos peptídeos em comparação ao controle.  
O consumo da proteína do soro do leite promove maior grau de saciedade em 
comparação a outras fontes proteicas ou à glicose (Pal et al., 2014; Bendtsen et al., 2013; 
Bowen et al., 2006; Hall et al., 2003). Estudos anteriores suportam evidências que mostram 
que a proteína do soro do leite estimula a secreção de GLP-1 e GIP, ambos envolvidos na 
regulação do apetite e promoção da saciedade (Akhavan et al., 2014; Anderson et al., 2004). 
Nossos resultados sugerem que nenhum dos peptídeos avaliados apresenta grande potencial 
para o efeito causado pelo whey de aumentar a saciedade quando consideramos 
especificamente esses 2 parâmetros. Ainda, devemos levar em consideração que no presente 
estudo, esses parâmetros foram analisados 3 horas após a gavagem com os peptídeos, 
enquanto que a maioria dos estudos relacionados com saciedade se referem a tempos mais 
curtos.        
O peptídeo C e a insulina são igualmente estocados e secretados na corrente 
sanguínea em quantidade equimolar (Wahren et al., 2000). Uma vez que o peptídeo C tem 
meia-vida de aproximadamente 10 vezes maior que a insulina (Lee et al., 2013), isso pode 
explicar os valores diferentes para cada, encontrado em nosso experimento. O peptídeo C 
demonstrou atividade biológica e produziu o aumento no fluxo sanguíneo em músculo 




reportado que a PSL estimula a redução da glicemia por meio de mecanismo insulino-
independente pois, concomitantemente reduz os níveis de insulina e peptídeo C (Akhavan et 
al., 2014), o que é consistente com nossos resultados que mostraram valores reduzidos de 
insulina e peptídeo C em todos os peptídeos, exceto o lle-Leu para o peptídeo C.  
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Os dados obtidos permitem concluir de forma geral que o consumo da proteína do 
soro do leite como fonte proteica da dieta, peptídeos e aminoácidos podem modular a 
expressão do sistema de defesa compreendido pelas heat shock proteins em ratos submetidos 
ao exercício. Mais especificamente, os dados indicaram que:     
 Somente a forma hidrolisada da proteína do soro do leite, consumida como fonte de 
proteína da dieta, foi capaz de aumentar a expressão de marcadores moleculares 
relacionados à sobrevivência celular, como a HSP90 e VEGF, porém não altera a 
expressão da HSP60 ou HSP25 no músculo esquelético de ratos; 
 Os dipeptídeos Leu-Val e lle-Leu podem contribuir e/ou estarem envolvidos no efeito 
anti-estresse e protetor conhecido da proteína do soro do leite hidrolisada mediado 
pela expressão das HSPs; 
 Os peptídeos testados influenciam as diversas HSPs analisadas de maneira diferente e 
independentemente;   
 Todos os peptídeos podem apresentar capacidade anti-inflamatória devido à inibição 
causada na expressão muscular do fator inflamatório NFkB; 
 Ambos os peptídeos Val-Leu e Leu-Val estão envolvidos no aumento da expressão do 
fator de vascularizção VEGF; 
 lle-Leu atenuou a imunossupressão causada pelo estresse do exercício intenso, visto 
que foi o peptídeo que melhor preservou os níveis de marcadores do sistema imune;   
 A arginina induziu o aumento nas diversas HSPs e se apresenta como uma 
interessante alternativa ao aminoácido glutamina;  
 Não foi encontrada associação entre a indução das HSPs com a via de biossíntese da 
hexosamina após o consumo da proteína do soro do leite, peptídeos ou aminoácidos;          




 Apesar da semelhança química entre os peptídeos isoméricos, as estruturas 
secundárias dos dipeptídeos indicaram papel crucial no poder de influenciar os 
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